Na-O Anticorrelation And HB. III. The abundances of NGC 6441 from
  FLAMES-UVES spectra by Gratton, R. G. et al.
ar
X
iv
:a
str
o-
ph
/0
60
38
58
v1
  3
1 
M
ar
 2
00
6
1
The aim of the present work is to determine accurate
metallicities for a group of red giant branch stars in the
field of the bulge Globular Cluster NGC 6441. This is
the third paper of a series resulting from a large project
aimed at determining the extent of the Na-O anticorrela-
tion among Globular Cluster stars and exploring its rela-
tionship with HB morphology. We present an LTE abun-
dance analysis of these objects, based on data gathered
with the FLAMES fiber facility and the UVES spectro-
graph at VLT2. Five of the thirteen stars observed are
members of the cluster. The average Fe abundance for
these five stars is [Fe/H]=−0.39± 0.04± 0.05 dex, where
the first error bar includes the uncertainties related to
star-to-star random errors, and the second one the sys-
tematic effects related to the various assumptions made in
the analysis.The overall abundance pattern is quite typi-
cal of Globular Clusters, with an excess of the α−elements
and of Eu. There is evidence that the stars of NGC 6441
are enriched in Na and Al, while they have been depleted
of O and Mg, due to H-burning at high temperatures,
in analogy with extensive observations for other Globular
Clusters: in particular, one star is clearly Na and Al-rich
and O and Mg-poor. We obtained also quite high V abun-
dances, but it is possible that this is an artifact of the
analysis, since similar large V abundances are derived also
for the field stars. These last are all more metal-rich than
NGC 6441 and probably belong to the bulge population.
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Abstract.
1. Introduction
NGC 6441 is a very luminous (MV = −9.18: Harris 1996)
and massive Globular Cluster located in the inner regions
of our Galaxy: according to Harris (1996) it is located
about 2.1 kpc from the Galactic center on the other side
of the Galaxy with respect to the Sun. NGC 6441 has
raised a considerable interest because, in spite of being
a metal-rich cluster ([Fe/H]=−0.53± 0.11, Armandroff &
Zinn 1988), it has a very extended horizontal branch, with
several stars on the blue side of the instability strip (Rich
et al. 1997). Layden et al. (1999) estimated that about
17% of the horizontal branch stars are found in a feature
bluer and brighter than the red clump, a peculiarity shared
with the other massive, metal-rich bulge cluster NGC 6388
(Rich et al. 1997). NGC 6441 has also a quite rich and pe-
culiar population of RR Lyrae (Layden et al. 1999; Pritzl
et al. 2001), characterized by long periods in spite of the
high metallicity of the Cluster. The color-magnitude di-
agram of NGC 6441 presents other peculiarities: the red
giant sequence is broad, and the clump is clearly tilted.
These features may at least in part be justified by differ-
ential reddening (see e.g. Layden et al. 1999). However,
given that NGC 6441 is bright and massive, some star-to-
star spread in the metal abundances cannot be excluded.
Such a possibility was raised in order to explain the odd
properties of the horizontal branch and of the RR Lyrae
population (Piotto et al. 1997; Sweigart 2001; Pritzl et
al. 2001); however, very recently Clementini et al. (2005)
have shown that most of the RR Lyrae of NGC 6441 are
metal-rich, likely in accordance to the other cluster stars.
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⋆ Based on data collected at the European Southern
Observatory with the VLT-UT2, Paranal, Chile (ESO 073.D-
0211)
The peculiarities of NGC 6441 must then still find a com-
prehensive explanation.
All the previous discussion seems to imply that NGC
6441 is further evidence of the second parameter effect
in Globular Clusters; here, like in NGC 2808, the sec-
ond parameter effect is manifest within the same cluster.
A peculiarity of NGC 6441 (and of NGC 6388) is that
the blue horizontal branch is brighter than the red one.
This might be explained by a higher content in Helium
(Sweigart & Catelan 1998). The existence of He-rich pop-
ulations have been recently proposed to justify various fea-
tures of some Globular Clusters (D’Antona & Caloi 2003;
Bedin et al. 2004; Piotto et al. 2005; D’Antona et al. 2005).
In particular, a He-rich population might indicate a sec-
ond generation of stars born from the ejecta of the most
massive of the intermediate-mass stars of the earlier gen-
eration, required to explain the observations of O-Na and
Mg-Al abundance anticorrelations, ubiquitous in Globular
Clusters but not observed among field stars (see the re-
view by Gratton et al. 2004). If this scenario is correct,
there should be a correlation between the distribution of
the O/Na abundance ratios, observed e.g. on the red gi-
ant branch of a cluster, and the color distribution of stars
along the horizontal branch of the same cluster.
In order to explore whether such a correlation indeed
exists, we have undertaken an extensive spectroscopic sur-
vey of Globular Cluster stars with the FLAMES multi-
fiber facility at ESO (Pasquini et al. 2002). With its
high multiplexing capabilities, FLAMES can get spectra
of hundreds of stars in Globular Clusters within a few
hours of VLT observing time. FLAMES may simultane-
ously feed two spectrographs: GIRAFFE, which is most
suited for observation of extensive samples of stars in re-
stricted wavelength regions, and UVES, which provides
extensive spectral coverage for a few stars. The latter
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higher resolution (R≃40,000) spectra may be used to care-
fully derive the chemical composition of the cluster, and
possibly discover the existence of peculiarities due to its
chemical evolution history, by comparing the abundance
pattern with that obtained for field stars of similar char-
acteristics.
NGC 6441 was an obvious candidate to be included
in our sample. In this paper, we present an analysis of
the FLAMES+UVES data we gathered for stars in this
cluster, as well as for a few stars in the same field that
turned out not to be members of the cluster. A separate
paper will be devoted to the discussion of the GIRAFFE
data.
2. Observations
Data used in this paper are based on exposures obtained in
July 2004 with FLAMES at Kueyen (=VLT2) used in ser-
vice mode. Details of the observations are given in Table 1.
NGC 6441 is a quite far and concentrated cluster
(c = 1.85: Harris 1996) lying in a very crowded region,
close to the direction of the Galactic center (l = 353.53◦,
b = −5.01◦). Unluckily, when we started our project there
was no suitable membership study available. These facts
made identification of stars appropriate for abundance
analysis difficult, given the safety constraints on fiber-to-
fiber separation of the Oz-Poz FLAMES fiber positioner,
and the need to avoid stars whose images are blended with
neighbors. Our targets were carefully selected from high
quality photometry.
The photometric data have been obtained within the
observing program 69.D-0582(A) on June 2002 at the
2.2 m ESO/MPI telescope at La Silla Observatory (Chile),
using the optical camera WFI. The exceptional capabili-
ties of this imager provide a mosaic of eight CCD chips,
each with a field of view of ∼8′×16′, for a total field of
view of ∼34′×33′. The cluster center was roughly cen-
tered on Chip #7, and the images were taken through the
V and Ic broad band filters with typical exposure times
of 80 sec and 50 sec, respectively. During the night the
average seeing was quite good (full width half maximum
FWHM≈0.′′9).
Stellar photometry was performed using the standard
and tested DAOPHOT II and ALLFRAME programs
(Stetson 1994). In crowded fields such as that surround-
ing NGC 6441, these programs provide high quality stellar
photometry by point spread function (PSF) fitting (see
Momany et al. 2002, 2004). The single PSFs were con-
structed for each image after a carefull selection of isolated
and well-distributed stars across each chip. The instru-
mental PSF magnitudes of NGC 6441 were normalized
to 1 s exposure and zero airmass, and corrected for the
aperture correction. The aperture corrections are neces-
sary to convert the instrumental profile-fitting magnitudes
of NGC 6441 on the scale of the standard star measure-
ments (based on aperture photometry, see below). The
instrumental NGC 6441 magnitudes are therefore:
m
′
= mapert. + 2.5 log(texp)−KλX (1)
wheremapert. = mPSF−apert. correction, X is the air-
mass of the reference image for each filter, and the adopted
mean extinction coefficients for La Silla are: KV = 0.16
and KI = 0.07. The aperture corrections were estimated
upon isolated bright stars, uniformally distributed across
the chip. For these we obtained aperture photometry after
subtracting eventual nearby companions within 5 FWHM.
The aperture magnitudes measured in circular apertures
of 6 arcseconds in radius (close to the photoelectric aper-
ture employed by Landolt 1992) were then compared to
the PSF magnitudes, and the difference is assumed to be
the aperture correction to apply to the PSF magnitudes.
Separately, aperture magnitudes of standard stars
from 3 Landolt (1992) fields were measured in circular
apertures of 6 arcseconds in radius. These aperture mag-
nitudes were normalized to their corresponding airmass
and exposure times, and compared with those tabled in
Landolt (1992). A least square fitting procedure provided
the calibration relations. The r.m.s. scatter of the resid-
uals of the fit (0.009 and 0.011) are assumed to represent
our calibration uncertainties in V and I respectively. The
total zero-point uncertainties, including the aperture cor-
rections and calibration errors, are 0.013, and 0.016 mag in
V and I respectively. The PSF photometry of NGC 6441
(normalized and corrected for aperture correction) was
then calibrated using the relations:
V = v
′ − 0.077(V − I) + 24.199 (2)
I = i
′
+ 0.097(V − I) + 23.142 (3)
The Guide Star Catalog (GSCII) was used to search
for astrometric standards in the entire WFI image field of
view. Several hundred astrometric GSCII reference stars
were found in each chip, allowing us an accurate abso-
lute positioning of the sources. An astrometric solution
has been obtained for each of the eight WFI chips inde-
pendently, by using suitable catalog matching and cross-
-correlation tools developed at the Bologna Observatory.
At the end of the entire procedure, the rms residuals are
≤0.′′2 both in right ascension and declination.
Only uncrowded stars were considered as possible tar-
gets, that is stars not showing any companion brighter
than Vtarget+2 mag within a 2.5 arcsec radius, or brighter
than Vtarget − 2 mag within 10 arcsec. The targets were
selected to lie close to the cluster mean locus in the color-
magnitude diagram.
The fibers feeding the UVES spectrograph were cen-
tered on stars close to the tip of the RGB (15.8 < V <
16.3; see Figure 1). We used two different fiber configu-
rations: in the first set, we observed six stars, with two
fibers dedicated to the sky; in the second one, seven fibers
were used for the stars, and one for the sky. The spec-
tra cover the wavelength range 4700-6900 A˚, and have
35 < S/N < 85 for the combined exposures.
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Table 1. Journal of observations
Fiber Date Time Exp. Time Seeing Airmass
Configuration (UT) (sec) (arcsec)
#1 2004-07-06 04:21:42 5300 1.59 1.040-1.174
2004-07-11 02:48:19 5300 1.35 1.029-1.052
2004-07-11 04:19:18 5300 0.91 1.055-1.221
#2 2004-07-17 05:18:20 5300 0.69 1.202-1.605
2004-07-26 03:39:54 5300 1.04 1.077-1.282
As part of the service mode observations, the spec-
tra were reduced by ESO personnel using the dedicated
UVES-FLAMES pipeline (uves/2.1.1 version). We found
that this UVES pipeline does not accurately subtract the
background between orders in the green-yellow part of the
spectra. Luckily, the redder part of the spectra included
enough lines for our purposes. We hence relied on these
pipelines reductions; the bluer portions of the spectra were
then not considered in the present analysis.
3. Cluster membership
Table 2 gives details on the main parameters for the ob-
served stars, providing for each one of them the distance in
arcsec from the cluster center, the magnitudes, mean ra-
dial velocities, signal-to-noise ratios of the combined spec-
tra and the σ of the EWs residuals, as well as the derived
metallicity. Star designations are according to Valenti et
al. (2006), from which photometric data were also taken.
Coordinates (at J2000 equinox) are from our astrometry
(Valenti et al. 2006); distances from the cluster center were
obtained considering the nominal position given by Harris
(1996). Radial velocities were measured from our spectra,
using typically about 100 atomic lines. Errors in these ve-
locities should typically be of a few hundreds of m/s. The
signal-to-noise ratio S/N was estimated from the pixel-to-
pixel scatter in spectral regions free from absorption lines
at about 6200 A˚.
Four of the thirteen observed stars (#7004050,
7004434, 7004463, and 7004487) are very likely members
of the cluster, on the basis of the following criteria:
– they are projected close to the nominal cluster center,
as given by Harris (1996). These four stars are the
closest in our sample to the nominal cluster center,
and are all within 150 arcsec from this position. Note
that according to Harris (1996) the core radius of NGC
6441 is about 7 arcsec, and the tidal radius is about
467 arcsec.
– their radial velocities (+24.9, +13.6, +11.6, and +32.3
km s−1 for stars 7004050, 7004434, 7004463, and
7004487, respectively) are close to the average radial
velocity listed by Harris (+16.4 ± 1.2 km s−1). The
average velocity given by these four stars is +20.6 ±
4.9 km s−1 (r.m.s. scatter of 9.8 km s−1), in good
agreement with the value listed by Harris.
– additionally, the four stars are confined in a very small
range of colors, with 2.088 < V − I < 2.168, with re-
spect to the rather broad color distribution along the
apparent RGB of NGC 6441 (see Figure 1). This by
itself is not a strong membership criterion, since the
interstellar reddening is expected to be quite variable
over the field (see Layden et al. 1999 for an extensive
discussion). However, the close agreement between the
colors of the confirmed member stars might indicate
that differential reddening is less of a problem than
expected, at least for these particular stars (it should
be noted that all these stars are in the south-east quad-
rant of the cluster, quite close to each other).
– a posteriori, our analysis indicates that these stars
have quite similar chemical composition. Again, this
is not by itself a strong membership criterion, since
there might be some spread in metallicity amongst the
stars of NGC 6441 and because their metallicity is not
unusual for bulge or disk field stars.
0 0.5 1 1.5 2 2.5
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Fig. 1. (V, V −I) color magnitude diagram for selected stars in
the field of NGC 6441 (from Valenti et al. 2006). Large symbols
are stars observed with UVES FLAMES. Filled symbols mark
stars member of the cluster, on the basis of radial velocities and
location in the field close to the cluster center; open symbols
are non-member stars.
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Table 2. Photometry and spectroscopic data for stars observed with UVES
Star Fiber RA Dec. Dist. V V-I V-K RV S/N σ(EW) [Fe/H] Notes
Conf. (degree) (degree) (arcsec) (mag) (mag) (mag) (km s−1) (mA˚)
6003734 1 267.422 −36.9533 518 15.992 2.083 4.574 +83.5 39 8.7 −0.25
6004360 2 267.475 −37.1471 414 16.127 1.979 4.403 +89.7 37 8.1 0.27
6005308 1 267.463 −37.0816 284 16.290 1.973 −144.1 36 8.5 −0.17
6005341 2 267.447 −36.9682 429 16.294 2.095 4.543 −41.2 50 9.4 0.06
7003717 2 267.593 −36.9987 219 15.989 2.113 4.522 −134.0 50 fast rot.
7004050 1 267.543 −37.0793 106 16.062 2.168 4.775 +24.9 52 8.0 −0.45 member
7004329 1 267.581 −37.1614 404 16.120 1.997 4.258 −23.1 51 10.0 0.12
7004434 2 267.541 −37.0849 127 16.142 2.167 4.719 +13.6 53 10.0 −0.34 member
7004453 1 267.525 −37.0109 167 16.144 2.029 4.382 −49.3 49 6.7 −0.04
7004463 2 267.506 −37.0572 140 16.146 2.160 +11.6 77 9.1 −0.38 member
7004487 2 267.520 −37.0535 99 16.150 2.088 4.552 +32.3 82 6.1 −0.50 member
8002961 2 267.670 −37.0725 342 15.798 2.185 4.803 +54.1 86 5.8 −0.28 member?
8003092 1 267.753 −37.0622 573 15.832 2.203 4.923 −53.0 37 7.8 −0.25
Among the remaining stars, #8002961 is also a possi-
ble cluster member, essentially on the basis of the not too
large difference between its radial velocity (+54.1 km s−1)
and that of the cluster1, and its location in the color mag-
nitude diagram, since it lies close to the position occupied
by the member stars. This star is projected at a quite large
distance from the cluster center (341 arcsec), however still
well within the tidal radius of NGC 6441. A posteriori,
also the chemical composition supports cluster member-
ship. It is noteworthy that the inclusion or exclusion of
this particular stars from the group ob objects considered
cluster members does not affect our conclusions.
All remaining stars are unlikely to be cluster mem-
bers, because of their discrepant radial velocities, large
projected distances from the cluster center, much bluer
colors, and often quite discrepant chemical composition.
The rather large fraction of non-members did not come as
a surprise, given the difficulties in identifying good candi-
dates in this cluster and the strong contamination by field
bulge stars. We notice that only observations by means
of a multi-object facility like FLAMES could ensure the
success of the program.
There are various circumstantial arguments that fa-
vor the membership to the bulge of all remaining stars.
Three of them (#6005341, 7004329, and 7004453) have
small negative radial velocities (−41.2, −23.1, and −49.3
km s−1, respectively) and nearly solar Fe abundance.
However, given the location of NGC 6441 at b = −5.01,
they should be within 2-3 kpc from the Sun to be mem-
bers of the thin disk (i.e. at no more than 200-300 pc
from the galactic plane: see e.g. Bilir et al. 2005). Were
this the correct distance of the stars, they would be sub-
giants, with a surface gravity of about log g ∼ 32. This
1 While the velocity difference might appear large we note
that NGC 6441 is well known to have an extremely large central
velocity dispersion (around 17 km s−1 see e.g. Dubath et al.
1997).
2 This combination of effective temperatures and surface
gravity would also be unlikely by evolutionary considerations,
is clearly excluded by their spectra, that indicate a much
lower surface gravity of log g < 2. These stars are then
at more than 6 kpc from the Sun, and at more than 500
pc from the galactic plane. The same surface gravity ar-
gument can be applied to the remaining stars. We also
note that stars #6003734 and #8003092 have a chemi-
cal composition similar to that of NGC 6441, but have
very different radial velocities (+83.5 and −53.0 km s−1)
and are projected far from the cluster center (518 and
573 arcsec respectively, more than the tidal radius). Also
star #6003734 is distinctly bluer than the cluster members
considered above, while star #8003092 has magnitude and
color very similar to those of star #8002961, that we con-
sidered a possible member. Star #6005308 has a chemical
composition similar to that of NGC 6441: however its ra-
dial velocity is very different (−144.1 km s−1), clearly in-
compatible with membership. Finally, star #6004360 has
a large positive velocity of 89.7 km s−1 and a large metal
content. All these stars are distinctly bluer than the clus-
ter members, although more metal-rich. This might be due
to one of these three causes: smaller interstellar redden-
ing (however there is no clear indication of this from our
analysis); shorter distances (putting the stars close to the
galactic center), or younger ages. As we will see, a shorter
distance by about 20% is also suggested by the equilib-
rium of ionization. We conclude that all these stars most
likely belong to the bulge population.
Finally, one of the target stars (#7003717) turned out
to have very broad lines, likely widened by rotation. We
measured a large negative radial velocity (−134.0 km s−1),
with clear indications of quite large variations over the
small temporal range covered by our observations. Due to
difficulties in the analysis, we did not further consider this
star.
since sub-giants are much warmer than ∼ 4000 K for any rea-
sonable chemical composition. Only pre-main sequence stars
could occupy a similar location on the color-magnitude dia-
gram
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Table 3. Equivalent Widths from UVES spectra for the cluster members (in electronic form)
El. Wavel. E.P. log gf 4050 4434 4463 4487 2961
EW log A EW log A EW log A EW log A EW log A
(A˚) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Oi 6300.31 0.00 −9.75 56.2 8.23 83.9 8.61 63.4 8.45 68.7 8.39
Oi 6363.79 0.02 −10.25 29.7 8.44 50.9 8.76 15.8 8.14 38.5 8.65 33.3 8.44
Nai 6154.23 2.10 −1.57 99.4 6.36 105.4 6.14 140.8 6.62 100.4 6.20 110.5 6.34
Nai 6160.75 2.10 −1.26 111.1 6.25 137.5 6.24 154.4 6.49 123.3 6.19 136.2 6.40
Mgi 6318.71 5.11 −1.94 59.1 7.30 73.9 7.38 61.7 7.20 75.1 7.41 77.8 7.51
Mgi 6319.24 5.11 −2.16 48.2 7.31 64.6 7.46 48.5 7.22 53.0 7.29 70.8 7.61
Ali 6696.03 3.14 −1.32 99.9 6.30 128.3 6.40 164.2 6.95 106.6 6.22 127.4 6.54
Ali 6698.67 3.14 −1.62 77.7 6.18 92.4 6.18 119.9 6.62 71.1 6.00 89.4 6.21
Sii 5948.55 5.08 −1.23 67.7 7.41 85.4 7.47 103.0 7.75 84.4 7.44 84.4 7.57
Sii 6125.03 5.62 −1.57 27.9 7.35
Sii 6145.02 5.62 −1.49 27.8 7.33 34.4 7.48 36.2 7.47 45.4 7.78
Cai 5857.46 2.93 0.24 164.0 5.75 178.9 5.55 207.6 5.88 169.2 5.63 175.7 5.70
Cai 5867.57 2.93 −1.49 56.5 5.59 77.5 5.74 92.8 6.01 69.9 5.76 77.4 5.82
Cai 6161.30 2.52 −1.27 109.0 5.88 141.1 5.89 135.4 6.03 144.7 6.16
Cai 6166.44 2.52 −1.14 103.8 5.64 136.5 5.92 136.0 5.89
Cai 6169.04 2.52 −0.80 145.2 6.02 158.1 5.69 169.9 5.90 160.5 5.95 156.9 5.89
Cai 6169.56 2.52 −0.48 136.7 5.58 176.2 5.62 187.9 5.80 146.2 5.42 169.4 5.74
Cai 6439.08 2.52 0.39 192.1 5.48 252.0 5.63 241.6 5.58 202.6 5.36 239.7 5.68
Cai 6455.60 2.52 −1.29 93.5 5.56 145.4 5.98 137.2 5.89 114.3 5.68 125.6 5.85
Cai 6462.57 2.52 0.26 246.0 5.99 309.9 6.12 296.6 6.08 261.3 6.00 280.9 6.07
Cai 6471.67 2.52 −0.69 140.9 5.93 194.2 6.11 162.7 5.72 158.4 5.85 173.9 6.08
Cai 6493.79 2.52 −0.11 166.6 5.72 209.8 5.73 209.7 5.77 180.5 5.59 198.8 5.82
Cai 6499.65 2.52 −0.82 113.4 5.56 176.3 5.99 163.7 5.86 138.5 5.64 167.6 6.13
Scii 6245.62 1.51 −1.05 71.6 2.72 92.7 2.72 104.7 2.95 93.4 2.83 88.9 2.75
Scii 6279.74 1.50 −1.16 85.8 3.18 97.6 2.93 115.5 3.26 81.3 2.75 78.1 2.69
Scii 6604.60 1.36 −1.15 91.6 3.03 115.3 2.94 108.5 2.86 92.1 2.68 103.0 2.88
Tii 5866.46 1.07 −0.84 150.8 4.78 210.1 4.94 221.4 5.14 163.7 4.54 196.5 5.01
Tii 5922.12 1.05 −1.47 128.8 4.88 170.0 4.81 185.9 5.16 142.0 4.66 165.9 5.02
Tii 5978.55 1.87 −0.50 111.7 4.77 137.1 4.54 148.6 4.81 122.7 4.58 133.7 4.74
Tii 6091.18 2.27 −0.42 103.3 4.49 114.8 4.74 103.1 4.72 109.9 4.78
Tii 6126.22 1.07 −1.42 128.6 4.81 181.9 4.92 169.9 4.78 149.5 4.71 149.2 4.62
Tii 6258.11 1.44 −0.36 176.6 4.99 220.7 4.95 223.2 5.04 188.3 4.86 187.4 4.80
Tii 6554.24 1.44 −1.22 151.1 4.91
Tiii 6606.98 2.06 −2.90 41.6 5.14 45.4 5.07 32.8 4.84 29.8 4.77 51.4 5.19
Vi 6002.31 1.22 −1.77 59.2 3.76 63.8 3.64 79.3 3.87 70.9 3.92 58.2 3.56
Vi 6039.73 1.06 −0.65 144.5 3.43 159.8 3.76 138.3 3.60
Vi 6081.45 1.05 −0.58 168.9 3.92 174.6 4.10 146.8 3.85 158.3 3.99
Vi 6090.22 1.08 −0.06 133.0 3.62 193.8 3.83 183.2 3.76 158.5 3.59 172.8 3.79
Vi 6111.65 1.04 −0.71 180.7 3.97 178.9 4.02 163.0 4.04
Vi 6119.53 1.06 −0.32 130.3 3.77 164.9 3.57 174.2 3.80 146.6 3.58 166.2 3.87
Vi 6135.38 1.05 −0.75 118.6 3.80 149.4 3.54 162.2 3.81 140.0 3.71 147.3 3.76
Vi 6199.19 0.29 −1.28 175.0 4.04 217.7 4.01 224.9 4.19 187.9 3.90
Vi 6216.36 0.28 −0.81 215.6 3.46 224.9 3.68 197.6 3.55 202.6 3.54
Vi 6251.82 0.29 −1.34 188.5 3.63 210.5 4.09 180.9 3.89
Vi 6256.90 0.28 −2.01 111.1 3.65 167.3 3.88 176.6 4.10 143.4 3.74
Vi 6274.65 0.27 −1.67 121.4 3.58 168.6 3.54 174.5 3.72 158.1 3.65
Vi 6285.17 0.28 −1.51 135.2 3.76 188.6 3.71 194.5 3.89 167.6 3.76 163.8 3.62
Vi 6292.83 0.29 −1.47 152.5 4.03 194.6 3.79 205.5 4.03 174.3 3.86 180.9 3.93
Vi 6531.43 1.22 −0.84 152.5 3.83 128.4 3.77
4. Metallicities
4.1. Equivalent Widths
The equivalent widths (EWs) were measured on the spec-
tra using the ROSA code (Gratton 1988; see Table 3 for
stars member of NGC 6441, and Table 4 for the field
stars) with Gaussian fittings to the measured profiles:
these exploit a linear relation between EWs and FWHM
of the lines, derived from a subset of lines characterized
by cleaner profiles (see Bragaglia et al. 2001 for further
details on this procedure). Since the observed stars span a
very limited atmospheric parameter range, errors in these
EWs may be estimated by comparing EWs measures for
individual stars with the EW values for each single line av-
eraged over the whole sample. The values listed in Column
9 of Table 2 as errors on the EWs measurements are the
r.m.s. of residuals around the best fit line for EWs vs.
<EWs> (after eliminating a few outliers). These errors
may be slightly overestimated, due to real star-to-star
differences. They are roughly reproduced by the formula
σ(EW)∼ 380/(S/N) mA˚. Considering the resolution and
sampling of the spectra, the errors in the EWs are about
4 times larger than expectations based on photon noise
statistics (Cayrel 1988), showing that errors are domi-
nated by uncertainties in the correct positioning of the
continuum level; the observed errors could be justified by
errors of about 1% for the best cases and about 2% for
the worst ones. Due to the problems in background sub-
traction in the green-yellow part of the spectra, only lines
with wavelength > 5800 A˚ were used.
4.2. Atmospheric Parameters
We performed a standard line analysis on the equivalent
widths measured on our spectra, using model atmospheres
extracted by interpolation from the grid by Kurucz
(1992; models with the overshooting option switched
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Table 3. Continued
El. Wavel. E.P. log gf 4050 4434 4463 4487 2961
EW log A EW log A EW log A EW log A EW log A
(A˚) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Cri 6330.10 0.94 −2.87 139.6 5.52 189.0 5.51 173.1 5.34 144.6 5.11 157.5 5.28
Mni 6013.50 3.07 −0.25 139.8 5.18 169.3 5.05 187.1 5.30 158.6 5.07 172.2 5.29
Mni 6016.65 3.07 −0.09 125.3 4.88 156.5 4.78 162.3 4.92 145.9 4.79 162.2 5.09
Mni 6021.80 3.08 0.03 122.2 4.83 165.6 4.91 174.9 5.07 141.9 4.73 163.9 5.11
Fei 5855.09 4.61 −1.48 37.3 7.09 58.7 7.34 44.0 7.08 45.2 7.14
Fei 5856.10 4.29 −1.57 46.3 6.98 72.7 7.23 87.5 7.52 66.3 7.17 77.0 7.46
Fei 5858.78 4.22 −2.19 23.3 6.89 37.9 7.13 38.0 7.15 36.2 7.12
Fei 5859.60 4.55 −0.70 68.6 7.02 88.0 6.98 111.3 7.40 90.8 7.10 95.1 7.30
Fei 5862.37 4.55 −0.50 79.5 7.07 99.8 6.99 122.2 7.39 97.3 7.03 104.2 7.28
Fei 5905.68 4.65 −0.76 55.1 6.89 83.3 7.10 89.4 7.23 72.2 6.95 75.4 7.10
Fei 5927.80 4.65 −1.06 40.4 6.80 72.7 7.21 72.5 7.22 62.4 7.06 64.6 7.17
Fei 5929.68 4.55 −1.24 49.8 7.10 65.0 7.12 71.8 7.25 59.7 7.06 55.8 7.03
Fei 5930.19 4.65 −0.29 74.9 6.92 100.5 6.94 116.3 7.26 86.4 6.76 110.0 7.34
Fei 5934.67 3.93 −1.15 92.0 7.17 107.3 6.90 136.6 7.44 110.0 7.08 117.4 7.32
Fei 5956.71 0.86 −4.60 130.0 7.09 187.6 7.24 186.5 7.29 160.3 7.06 176.5 7.36
Fei 5976.79 3.94 −1.33 90.3 6.79 101.5 7.02 97.4 7.03 101.0 7.20
Fei 5984.83 4.73 −0.39 125.9 7.52
Fei 6003.02 3.88 −1.08 90.5 7.00 120.7 7.00 124.3 7.10 110.4 6.95 121.3 7.26
Fei 6007.97 4.65 −0.82 56.3 6.96 74.4 6.99 82.9 7.16 81.8 7.18 77.4 7.18
Fei 6008.57 3.88 −0.96 96.7 7.03 119.0 6.86 135.8 7.18 108.9 6.80 129.6 7.29
Fei 6027.06 4.08 −1.23 72.9 6.98 108.0 7.21 111.0 7.29 100.3 7.18 93.9 7.14
Fei 6056.01 4.73 −0.42 65.1 6.88 91.9 7.03 86.6 6.95 90.7 7.08 104.1 7.47
Fei 6079.02 4.65 −0.95 68.8 7.15
Fei 6082.72 2.22 −3.57 86.3 7.02 146.0 7.57 141.8 7.53 131.3 7.57
Fei 6089.57 4.58 −1.28 85.3 7.56
Fei 6093.65 4.61 −1.32 42.6 7.07 60.3 7.20 58.1 7.19 59.1 7.26
Fei 6094.38 4.65 −1.56 34.3 7.15 33.9 7.00 44.1 7.22
Fei 6096.67 3.98 −1.77 58.8 7.06 79.1 7.09 72.3 6.99 75.3 7.09 75.2 7.14
Fei 6098.25 4.56 −1.81 38.5 7.38
Fei 6137.00 2.20 −2.95 125.6 7.28 183.9 7.47 171.7 7.34 158.9 7.32 163.8 7.46
Fei 6151.62 2.18 −3.30 99.1 6.99 156.6 7.38 144.2 7.20 127.8 7.06 138.1 7.32
Fei 6173.34 2.22 −2.88 112.4 6.98 159.7 7.07 156.2 7.06 144.2 7.00 153.9 7.26
Fei 6188.00 3.94 −1.63 85.4 7.00 84.6 7.00 77.9 6.94 78.8 7.01
Fei 6200.32 2.61 −2.44 106.0 6.94 146.4 7.02 132.1 6.90 136.7 7.07
Fei 6213.44 2.22 −2.54 149.4 7.26 169.1 6.88 173.9 7.00 156.5 6.89 165.4 7.09
Fei 6219.29 2.20 −2.43 134.5 6.92 188.3 7.00 188.9 7.07 173.4 7.02 177.4 7.13
Fei 6226.74 3.88 −2.08 46.1 6.89 80.0 7.27 57.6 6.90 70.2 7.16 61.3 7.02
Fei 6232.65 3.65 −1.22 97.7 6.96 133.3 7.00 136.3 7.09 130.3 7.09 121.0 7.03
Fei 6240.65 2.22 −3.23 95.8 6.89 131.9 6.93 144.8 7.20 121.3 6.93 130.8 7.17
Fei 6265.14 2.18 −2.55 147.4 7.19 208.5 7.34 209.2 7.39 181.6 7.22 187.4 7.34
Fei 6270.23 2.86 −2.46 121.3 6.92 121.5 6.96 114.7 7.03
Fei 6297.80 2.22 −2.74 146.7 7.42 191.9 7.39 185.0 7.36 159.4 7.14 180.7 7.50
Fei 6301.51 3.65 −0.72 116.7 6.80 161.0 6.89 158.2 6.88 164.1 7.15
Fei 6311.50 2.83 −3.16 76.0 7.19 115.6 7.44 107.7 7.33 101.3 7.38
Fei 6315.81 4.08 −1.68 46.0 6.76 78.4 7.12 72.2 7.02 61.0 6.86 72.2 7.12
Fei 6322.69 2.59 −2.43 119.2 7.16 154.8 7.04 144.8 6.90 137.3 6.92 145.7 7.16
Fei 6330.85 4.73 −1.22 52.0 7.37 59.0 7.24 49.8 7.08 70.7 7.56
Fei 6335.34 2.20 −2.27 220.2 7.17 193.5 7.10
Fei 6380.75 4.19 −1.37 96.3 7.27 92.7 7.23 80.9 7.07 97.7 7.49
Fei 6392.54 2.28 −3.97 78.3 7.25 107.6 7.30 83.8 6.92 90.3 7.14
Fei 6400.32 3.60 −0.23 263.3 7.28 225.1 7.17
Fei 6411.66 3.65 −0.60 129.7 6.87 172.7 6.92 164.8 7.04
Fei 6421.36 2.28 −2.03 235.4 7.16
Fei 6481.88 2.28 −2.98 119.3 7.26 168.3 7.34 152.2 7.13 140.4 7.08 158.7 7.47
off). Atmospheric parameters defining these model atmo-
spheres were obtained as follows.
Whenever possible, effective temperatures were de-
rived from de-reddened V −K colors, obtained by combin-
ing our V magnitudes withK ones drawn from the 2MASS
catalog (Cutri et al. 2003), using the calibration by Alonso
et al. (1999). The reddening we adopted is E(B − V ) =
0.49, which is the average value between various litera-
ture determinations. Zinn (1980) and Reed et al. (1988)
obtained E(B − V ) = 0.47 and E(B − V ) = 0.49 respec-
tively from integrated photometry; Layden et al. (1999)
and Pritzl et al. (2001) found E(B−V ) = 0.45±0.05 and
E(B − V ) = 0.51 ± 0.02 mag respectively from the blue
edge of the RR Lyrae instability strip. For comparison,
the maps by Schlegel et al. (1998) give E(B−V ) = 0.616,
but these are known to overestimate reddening for ob-
jects close to the galactic plane, like NGC 6441. Adopted
E(B − V ) values were transformed into E(V − K) ones
using the formula E(V − K) = 2.75 E(B − V ) (Cardelli
et al. 1989). Errors in these temperatures are not easy to
evaluate. Internal photometric errors in the 2MASS V −K
colors are generally small (< 0.04 mag), leading to random
errors of < 25 K. However, interstellar reddening is proba-
bly variable in the field of NGC 6441 (Layden et al. 1999;
Pritzl et al. 2001); four of the observed stars lie in the
south-east sector of the cluster, where Layden et al. found
a reddening value in the range 0.41 < E(B − V ) < 0.54.
Assuming an r.m.s. scatter of 0.05 mag in E(B − V )
(0.14 mag in E(V − K)), the random (star-to-star) un-
certainties in the effective temperatures may be as large
as ±80 K. Systematic uncertainties are likely larger, in-
cluding errors in the Alonso et al. color-temperature cal-
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Table 3. Continued
El. Wavel. E.P. log gf 4050 4434 4463 4487 2961
EW log A EW log A EW log A EW log A EW log A
(A˚) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Fei 6498.94 0.96 −4.70 216.4 7.73 185.8 7.37 162.0 7.22 184.3 7.59
Fei 6518.37 2.83 −2.46 114.0 7.40 151.5 7.34 125.1 6.92 120.9 6.97
Fei 6533.94 4.56 −1.29 89.4 7.58 58.1 7.05 49.0 6.90 68.6 7.33
Fei 6574.25 0.99 −5.00 125.7 7.46 183.6 7.60 150.3 7.12 133.9 7.01 150.7 7.34
Fei 6581.22 1.49 −4.68 157.5 7.63 145.5 7.48 119.8 7.19 134.4 7.48
Fei 6593.88 2.43 −2.42 137.6 7.17 186.3 7.21 166.6 6.98 153.2 6.92 175.1 7.30
Fei 6608.04 2.28 −3.96 73.0 7.07 115.8 7.39 99.8 7.16 87.4 7.05 105.7 7.41
Fei 6609.12 2.56 −2.69 165.3 7.38 153.5 7.24 142.3 7.19 150.5 7.42
Fei 6627.56 4.55 −1.50 45.4 7.02 38.1 6.89 61.9 7.39
Fei 6633.76 4.56 −0.82 74.6 7.28 101.6 7.33 80.1 6.97 82.3 7.05 96.5 7.43
Fei 6703.58 2.76 −3.01 92.7 7.30 128.1 7.34 108.6 7.04 91.0 6.84 109.6 7.23
Fei 6713.75 4.80 −1.41 41.3 7.37
Fei 6725.36 4.10 −2.21 45.4 7.29 35.5 6.92 49.8 7.22
Fei 6726.67 4.61 −1.10 43.9 6.86 70.7 7.12 60.4 6.96 54.3 6.87 71.0 7.24
Fei 6733.15 4.64 −1.44 42.7 7.21 42.4 7.02 35.1 6.88 50.5 7.23
Fei 6750.16 2.42 −2.62 124.7 7.09 181.9 7.28 161.3 7.03 146.3 6.94 157.9 7.20
Fei 6786.86 4.19 −1.90 52.7 7.28 68.4 7.30 49.8 6.99 61.1 7.26
Feii 6247.56 3.89 −2.33 24.0 6.91 19.2 6.50 31.7 6.86 28.7 6.92
Feii 6432.68 2.89 −3.58 22.1 6.80 48.2 7.35 25.3 6.74 26.3 6.70 42.6 7.29
Feii 6456.39 3.90 −2.10 33.3 7.07 61.5 7.52 38.2 6.93 34.8 6.75 42.5 7.16
Feii 6516.08 2.89 −3.38 39.2 7.21 67.2 7.56 42.7 6.95 47.8 7.23
Nii 5847.01 1.68 −3.44 79.3 5.99 108.3 5.99 131.8 6.49 104.5 6.09 110.4 6.28
Nii 5996.74 4.24 −1.06 22.7 5.70 34.9 5.90 31.1 5.82 31.4 5.82 41.8 6.09
Nii 6053.69 4.24 −1.07 31.5 5.97 53.6 6.28 40.5 6.03 46.0 6.14
Nii 6086.29 4.27 −0.47 46.2 5.82 61.6 5.87 47.5 5.61 47.6 5.61 68.0 6.10
Nii 6108.12 1.68 −2.49 117.7 5.92 174.9 6.12 157.1 5.90 147.9 5.90 156.2 6.11
Nii 6111.08 4.09 −0.83 55.4 6.17 72.4 6.17 53.6 5.84 61.5 6.00 63.5 6.10
Nii 6128.98 1.68 −3.39 76.7 5.80 116.0 6.02 110.6 5.96 101.8 5.93 111.2 6.15
Nii 6130.14 4.27 −0.98 30.4 5.90 49.1 6.15 38.0 5.93 39.4 5.96 50.1 6.23
Nii 6176.82 4.09 −0.26 77.0 6.14 81.3 5.76 87.3 5.88 88.3 5.95 83.8 5.96
Nii 6177.25 1.83 −3.60 63.4 5.90 88.4 5.98 89.7 6.02 90.6 6.14 82.7 5.99
Nii 6186.72 4.11 −0.90 50.4 6.14 74.2 6.30 46.7 5.80 65.6 6.17 60.0 6.13
Nii 6204.61 4.09 −1.15 45.2 6.22 66.3 6.38 54.8 6.18 50.8 6.11 61.5 6.38
Nii 6223.99 4.11 −0.97 46.0 6.09 49.6 5.93 39.8 5.74 53.1 6.00 37.9 5.73
Nii 6230.10 4.11 −1.20 43.5 6.26 57.9 6.31 53.3 6.23 56.0 6.29 51.0 6.24
Nii 6322.17 4.15 −1.21 45.4 6.14 20.6 5.59 30.5 5.83 43.3 6.14
Nii 6327.60 1.68 −3.09 128.0 6.09 138.8 6.35
Nii 6378.26 4.15 −0.82 49.4 6.08 73.9 6.27 51.4 5.86 50.3 5.85 70.3 6.32
Nii 6384.67 4.15 −1.00 46.1 6.17 69.4 6.36 44.8 5.92 36.2 5.75 61.1 6.30
Nii 6482.81 1.93 −2.85 93.0 5.86 148.4 6.24 136.9 6.11 122.4 6.00 126.1 6.10
Nii 6532.88 1.93 −3.42 95.0 6.14 94.2 6.14
Nii 6586.32 1.95 −2.79 99.6 6.12 142.1 6.21 125.1 5.96 108.3 5.78 126.0 6.17
Nii 6598.61 4.24 −0.93 59.0 6.23 36.3 5.80 42.8 5.93 55.1 6.23
Nii 6635.14 4.42 −0.75 46.3 6.30 57.9 6.28 34.4 5.82 27.1 5.64 52.2 6.24
Nii 6767.78 1.83 −2.11 131.8 5.87 189.5 6.01 165.8 5.74 148.9 5.61 173.1 6.05
Nii 6772.32 3.66 −1.01 71.3 6.09 94.8 6.09 74.6 5.76 64.6 5.62 92.7 6.22
Yi 6435.02 0.07 −0.82 54.0 1.05 98.9 1.50 112.1 1.77 62.6 1.23 90.2 1.47
Zri 6127.46 0.15 −1.06 86.5 2.15 121.9 2.08 116.3 2.05 96.8 1.97 84.9 1.58
Zri 6134.57 0.00 −1.28 67.2 1.59 99.4 1.70 104.3 1.84 91.8 1.87 87.6 1.62
Zri 6140.46 0.52 −1.41 36.8 1.57 45.1 1.85 41.5 1.83 26.8 1.73 29.7 1.54
Zri 6143.18 0.07 −1.10 81.6 1.94 121.0 1.98 106.6 1.80 93.5 1.83 81.8 1.44
Zri 6445.72 1.00 −0.83 21.9 1.56 18.3 1.49 12.1 1.43 15.4 1.31
Baii 5853.69 0.60 −1.00 111.5 2.09 148.4 1.84 162.9 2.18 125.2 1.69 140.5 2.09
Baii 6141.75 0.70 0.00 159.2 1.89 220.6 1.93 205.8 1.82 180.3 1.68 182.9 1.74
Baii 6496.91 0.60 −0.38 182.2 2.32 221.6 2.14 205.3 1.99 177.4 1.83 196.3 2.10
Euii 6437.64 1.32 −0.28 34.0 0.65 22.5 0.40 25.1 0.50 24.6 0.42
Euii 6645.11 1.38 0.20 39.3 0.55 54.6 0.61 48.6 0.52 31.0 0.23 41.0 0.38
ibration, in the photometric calibration, and on the av-
erage reddenings we assumed. Hereinafter we will assume
possible systematic errors of ±100 K.
For stars lacking the 2MASS photometry, we used our
V − I colors. Since these colors lack a proper photometric
calibration, we may use those stars having known V −K
colors to construct a correlation between the two colors,
that turned out to be very narrow (this is not unexpected,
since both colors have a weak dependence on metal abun-
dance). The mean relation is V −K = 0.479+1.952 (V −I),
derived from more than 250 stars spanning over 4 magni-
tudes in V −K color; the r.m.s. scatter around this mean
relation is 0.098 mag in (V −K). We could derive consis-
tent temperatures also for stars with only V − I colors,
the errors due to uncertainties in the colors being smaller
than those related to the assumptions about reddening.
We may compare these temperatures derived from col-
ors with those that we could deduce from excitation equi-
librium for Fe I lines. We found that on average temper-
atures derived from Fe I excitation equilibrium are lower
by 70 ± 27 K, with an r.m.s. scatter for individual stars
of 95 K. This small difference can be attributed to several
causes (errors in the adopted temperature scale, inade-
quacies of the adopted model atmospheres, etc.). On the
whole we do not consider this difference as important. The
star-to-star scatter in the difference between temperatures
from colors and excitation equilibrium is not much larger
than the internal errors in the excitation temperatures
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Table 4. Equivalent Widths from UVES spectra for non members (in electronic form)
El. Wavel. E.P. log gf 3734 4360 5308 5341 4329 4453 3092
EW log A EW log A EW log A EW log A EW log A EW log A EW log A
(A˚) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Oi 6300.31 0.00 -9.75 86.2 8.83 63.7 8.82 83.6 8.98 77.0 8.89 69.2 8.78 95.7 8.89
Oi 6363.79 0.02 -10.25 44.0 8.82 39.2 9.03 29.7 8.77 39.3 8.92 50.0 8.78
Nai 6154.23 2.10 -1.57 91.1 6.19 166.3 7.22 100.9 6.42 125.3 6.70 108.9 6.62 113.2 6.50 91.9 6.26
Nai 6160.75 2.10 -1.26 98.9 6.00 169.6 6.96 95.5 6.03 136.0 6.55 129.6 6.63 120.4 6.30 129.6 6.60
Mgi 6318.71 5.11 -1.94 81.4 7.64 132.4 8.40 80.8 7.63 94.4 7.88 89.7 7.82 74.2 7.48 72.1 7.63
Mgi 6319.24 5.11 -2.16 57.6 7.44 102.6 8.16 39.2 7.14 70.4 7.71 80.9 7.88 61.1 7.49 64.2 7.69
Ali 6696.03 3.14 -1.32 88.7 6.05 144.7 6.88 118.1 6.66 115.0 6.46 103.6 6.46 118.1 6.52 98.2 6.28
Ali 6698.67 3.14 -1.62 59.2 5.87 109.9 6.64 99.3 6.64 77.1 6.14 64.1 6.09 79.3 6.21 69.8 6.02
Sii 5948.55 5.08 -1.23 81.3 7.55 121.7 8.18 62.6 7.13 85.1 7.68 104.5 7.85 93.4 7.67 58.2 7.33
Sii 6125.03 5.62 -1.57 84.3 8.55 48.0 7.76
Sii 6145.02 5.62 -1.49 45.2 7.77 87.6 8.51 37.5 7.53 25.7 7.38 50.7 7.74 36.0 7.51 28.7 7.55
Cai 5857.46 2.93 0.24 168.3 5.77 213.9 6.25 165.6 5.86 195.1 6.02 201.9 6.32 204.5 6.14 128.0 5.34
Cai 5867.57 2.93 -1.49 58.8 5.65 97.1 6.30 70.3 6.01 105.2 6.49 83.3 6.31 79.1 6.04 80.0 6.12
Cai 6161.30 2.52 -1.27 129.5 6.16 160.8 6.56 120.8 6.16 147.7 6.40 142.2 6.32 110.3 5.93
Cai 6166.44 2.52 -1.14 121.0 5.88 163.0 6.47 124.7 6.10
Cai 6169.04 2.52 -0.80 159.5 6.14 192.2 6.52 166.6 6.20 162.4 6.44 158.7 6.12 121.5 5.68
Cai 6169.56 2.52 -0.48 159.4 5.82 196.9 6.25 195.4 6.20 179.2 6.32 167.5 5.92 149.2 5.74
Cai 6439.08 2.52 0.39 211.3 5.64 243.6 5.93 211.9 5.78 223.3 5.72 222.4 6.00 229.5 5.82 185.4 5.41
Cai 6449.82 2.52 -0.50 171.2 6.10 193.2 6.29 175.1 6.30 196.3 6.35 177.3 6.44 190.8 6.30
Cai 6455.60 2.52 -1.29 106.4 5.75 141.0 6.24 122.2 6.22 123.4 5.99 118.6 6.21 128.8 6.10 101.4 5.77
Cai 6462.57 2.52 0.26 271.5 6.16 315.6 6.50 272.3 6.31 274.2 6.20 262.9 6.39 281.3 6.30 226.1 5.84
Cai 6471.67 2.52 -0.69 148.0 5.94 185.6 6.38 156.0 6.22 155.6 6.30 157.2 6.02 125.8 5.71
Cai 6493.79 2.52 -0.11 185.7 5.90 217.3 6.19 188.0 6.06 186.6 5.86 177.3 6.05 191.6 5.93 154.3 5.57
Cai 6499.65 2.52 -0.82 145.2 6.02 177.6 6.39 141.7 6.11 151.9 6.06 147.0 6.28
Scii 6245.62 1.51 -1.05 99.5 3.24 91.3 3.15 105.6 3.44 89.9 3.21 87.9 2.96 56.1 2.45
Scii 6279.74 1.50 -1.16 72.6 2.80 82.0 3.06 97.2 3.41 109.9 3.65 71.5 2.98 85.1 3.04 59.5 2.66
Scii 6604.60 1.36 -1.15 94.5 2.98 133.5 3.70 76.6 2.74 71.8 2.73 116.6 3.36 84.0 2.96
Tii 5866.46 1.07 -0.84 162.8 4.86 200.9 5.40 164.7 5.14 183.9 5.16 165.9 5.31 186.7 5.25
Tii 5922.12 1.05 -1.47 143.5 5.03 141.3 5.25 162.8 5.30 137.1 5.30 148.1 5.06 110.1 4.42
Tii 5978.55 1.87 -0.50 114.8 4.72 144.0 5.14 127.1 5.20 147.9 5.29 124.3 5.24 130.4 4.97 95.3 4.36
Tii 6091.18 2.27 -0.42 111.4 5.16 132.3 5.42 94.4 4.96 119.1 5.24 90.2 4.95 104.9 4.96 96.4 4.93
Tii 6126.22 1.07 -1.42 147.0 5.02 159.8 5.11 145.5 5.24 160.0 5.17 122.2 4.90 157.8 5.15 129.0 4.84
Tii 6258.11 1.44 -0.36 159.9 4.71 190.3 5.12 159.8 4.94 198.4 5.24 172.6 4.89 128.5 4.32
Tii 6554.24 1.44 -1.22 114.6 4.62 155.8 5.26 112.5 4.82 127.5 5.21 138.2 5.02
Tiii 6606.98 2.06 -2.90 24.5 4.75 66.0 5.72 28.6 4.92 36.5 5.19 38.1 5.21 63.7 5.60 30.4 4.95
Vi 6002.31 1.22 -1.77 38.7 3.51 89.0 4.39 52.1 3.98 72.3 4.08 45.6 3.96 56.6 3.94 71.4 4.03
Vi 6039.73 1.06 -0.65 110.9 3.46 159.9 4.26 109.1 3.67 140.2 3.99 117.0 3.96 132.6 3.85 117.3 3.79
Vi 6081.45 1.05 -0.58 126.1 3.80 163.2 4.38 159.7 4.36 130.6 4.26 157.4 4.32 128.9 4.03
Vi 6090.22 1.08 -0.06 148.7 3.76 183.2 4.27 138.8 3.83 177.6 4.19 138.8 3.97 167.2 4.04 147.9 3.87
Vi 6111.65 1.04 -0.71 135.9 4.20 174.0 4.54 136.8 4.35 147.7 4.08
Vi 6119.53 1.06 -0.32 134.1 3.71 185.3 4.50 128.1 3.83 162.8 4.16 125.4 3.90 147.0 3.88 131.3 3.82
Vi 6135.38 1.05 -0.75 119.8 3.70 166.4 4.39 118.3 3.91 145.9 4.09 116.9 3.98 135.2 3.92 108.0 3.56
Vi 6199.19 0.29 -1.28 170.3 3.94 202.1 4.42 172.6 4.26 211.8 4.56 171.7 4.39 202.6 4.48 159.5 3.85
Vi 6216.36 0.28 -0.81 179.7 3.58 211.2 4.04 172.3 3.74 215.9 4.09 171.6 3.88 198.1 3.88
Vi 6242.81 0.26 -1.55 174.1 4.15 138.7 3.94
Vi 6251.82 0.29 -1.34 158.7 4.14 190.8 4.38 147.0 4.07 188.2 4.37 129.1 3.40
Vi 6256.90 0.28 -2.01 125.6 3.90 166.3 4.50 112.5 3.91 145.6 4.18 114.8 4.06 137.9 4.08 120.0 3.93
Vi 6274.65 0.27 -1.67 132.2 3.97 163.0 4.14 125.1 3.94 153.5 3.99 118.5 3.54
Vi 6285.17 0.28 -1.51 134.4 3.86 175.8 4.25 146.9 4.22 166.0 4.08 136.8 3.83
Vi 6292.83 0.29 -1.47 155.4 4.21 207.2 4.66 137.8 4.03
Vi 6531.43 1.22 -0.84 97.3 3.48 169.1 4.62 107.0 3.91 127.9 4.02 122.9 3.94 105.5 3.77
alone (68 K). This leaves space for errors in temperatures
from colors of about 66 K, to be attributed to the effect of
differential reddening. This corresponds to an r.m.s scat-
ter of about 0.043 mag in the reddening, compatible with
results from photometry alone.
Surface gravities were obtained from the location of
the stars in the color-magnitude diagram. This proce-
dure requires assumptions about the distance modulus;
(we adopted (m −M)V = 16.33 from Harris (1996) for
the cluster members, while for the field bulge stars we
assumed that the stars are at the same distance of the
galactic center: 7.9±0.3 kpc from Eisenhauer et al. (2003),
the bolometric corrections (from Alonso et al. 1999), and
the masses (we assumed a mass of 0.9 M⊙, close to the
value given by isochrone fittings). Uncertainties in these
gravities are small for cluster stars (we estimate internal
star-to-star errors of about 0.06 dex, due to the effects of
possible variations in the interstellar absorption; and sys-
tematic errors of about 0.15 dex, dominated by systematic
effects in the temperature scale).
We may compare these values for the surface gravities
with those deduced from the equilibrium of ionization of
Fe. On average, abundances from Fe II lines are 0.01 ±
0.05 dex smaller than that derived from Fe I lines. The
agreement is obviously very good. The star-to-star scatter
in the residuals is 0.17 dex, but it is as small as 0.12 dex
if only stars member of NGC 6441 are considered; this
last value is close to the value expected considering that
only three to four Fe II lines were typically used in the
analysis. The larger spread obtained for field stars is not
unexpected, since these stars may be at different distances
from the Sun.
Micro-turbulence velocities vt were determined by
eliminating trends in the relation between expected line
strength and abundances (see Magain 1984). The error
on the micro-turbulent velocities is determined by the
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Table 4. Continued
El. Wavel. E.P. log gf 3734 4360 5308 5341 4329 4453 3092
EW log A EW log A EW log A EW log A EW log A EW log A EW log A
(A˚) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Cri 6330.10 0.94 -2.87 121.9 5.04 180.7 5.98 131.6 5.46 155.2 5.60 149.4 5.48 150.2 5.72
Mni 6013.50 3.07 -0.25 144.8 5.14 203.3 5.84 139.8 5.16 182.6 5.61 183.0 5.81 178.5 5.53 121.1 4.98
Mni 6016.65 3.07 -0.09 155.2 5.18 192.8 5.66 141.4 5.10 172.4 5.43 168.0 5.58 160.1 5.23 113.6 4.72
Mni 6021.80 3.08 0.03 138.3 4.96 215.1 5.85 136.4 5.02 174.3 5.44 166.6 5.55 171.0 5.36 121.9 4.89
Fei 5835.11 4.26 -2.18 35.5 7.23 76.3 8.30 63.2 7.80
Fei 5855.09 4.61 -1.48 43.7 7.19 49.8 7.35 49.0 7.36 60.8 7.64 54.9 7.40 37.4 7.17
Fei 5856.10 4.29 -1.57 69.1 7.42 95.5 7.90 60.3 7.25 88.6 7.89 81.1 7.80 81.7 7.60
Fei 5858.78 4.22 -2.19 29.7 7.05 33.5 7.50 42.5 7.42 46.3 7.52 42.7 7.36
Fei 5859.60 4.55 -0.70 84.0 7.20 81.6 7.16 114.2 7.80 115.7 7.94 111.4 7.63 73.6 7.25
Fei 5862.37 4.55 -0.50 99.1 7.31 116.3 7.54 81.3 6.95 110.4 7.54 124.4 7.88 104.0 7.30 84.3 7.28
Fei 5881.28 4.61 -1.76 39.3 7.36 47.8 7.58 68.4 8.04 59.6 7.76
Fei 5902.48 4.59 -1.86 49.9 7.71 41.1 7.55 53.7 7.84 43.3 7.52
Fei 5905.68 4.65 -0.76 81.7 7.38 124.1 8.10 81.3 7.37
Fei 5927.80 4.65 -1.06 63.4 7.26 87.3 7.69 58.0 7.15 81.0 7.67 78.4 7.66 65.1 7.22 49.1 7.14
Fei 5929.68 4.55 -1.24 73.5 7.53 100.5 8.00 51.0 7.05 86.4 7.83 79.6 7.74 73.8 7.44 49.0 7.17
Fei 5930.19 4.65 -0.29 150.8 8.06 91.0 7.11 125.9 7.77 125.9 7.88 118.9 7.52 92.2 7.45
Fei 5934.67 3.93 -1.15 98.1 7.12 131.1 7.65 123.5 7.65 145.4 7.96 134.5 7.94 129.3 7.59 101.9 7.50
Fei 5956.71 0.86 -4.60 159.0 7.41 147.5 7.41 163.0 7.52 143.9 7.51 129.3 7.58
Fei 5976.79 3.94 -1.33 88.1 7.10 84.9 7.07 119.7 7.76 114.7 7.82 111.6 7.48 68.5 6.92
Fei 5984.83 4.73 -0.39 103.6 7.48 89.5 7.22 135.1 7.98 99.2 7.65
Fei 6003.02 3.88 -1.08 110.3 7.24 142.9 7.72 107.3 7.22 135.2 7.68 134.9 7.82 127.7 7.44 107.9 7.47
Fei 6007.97 4.65 -0.82 67.8 7.09 101.9 7.70 73.9 7.24 81.0 7.40 97.6 7.82 84.4 7.35
Fei 6008.57 3.88 -0.96 109.9 7.12 146.9 7.68 102.8 7.02 129.6 7.48 134.2 7.70 130.5 7.38 88.6 6.97
Fei 6027.06 4.08 -1.23 104.6 7.55 118.0 7.69 97.7 7.44 114.9 7.76 101.9 7.62 102.7 7.39 88.2 7.50
Fei 6056.01 4.73 -0.42 86.8 7.25 111.2 7.62 88.0 7.28 102.6 7.58 104.2 7.71 92.7 7.25
Fei 6078.50 4.80 -0.48 127.8 7.99 100.5 7.60 110.9 7.80 108.6 7.85 99.9 7.49 71.0 7.28
Fei 6079.02 4.65 -0.95 76.9 7.45 104.6 7.92 66.5 7.23 89.0 7.73 79.1 7.40 68.5 7.55
Fei 6082.72 2.22 -3.57 112.7 7.50 119.4 7.77 135.0 7.96 116.1 7.82 123.3 7.60
Fei 6089.57 4.58 -1.28 94.0 8.03 85.6 7.93 93.8 7.90
Fei 6093.65 4.61 -1.32 64.5 7.49 60.6 7.42 59.0 7.40 61.4 7.49 61.5 7.36 58.2 7.59
Fei 6094.38 4.65 -1.56 43.4 7.31 40.2 7.27 41.1 7.32 48.0 7.48 45.2 7.34
Fei 6096.67 3.98 -1.77 73.2 7.26 109.2 7.93 78.1 7.41 86.0 7.56 85.1 7.64 79.0 7.30 54.1 7.02
Fei 6098.25 4.56 -1.81 47.1 7.52 46.4 7.54 58.5 7.82 55.3 7.78 55.9 7.68
Fei 6137.00 2.20 -2.95 135.3 7.26 157.4 7.56 146.0 7.56 164.4 7.77 147.8 7.73 170.5 7.77
Fei 6151.62 2.18 -3.30 135.2 7.59 148.8 7.72 118.7 7.38 123.3 7.34 121.7 7.56 137.1 7.50 103.0 7.21
Fei 6165.36 4.14 -1.50 70.1 7.19 96.8 7.60 63.1 7.02 88.7 7.56 84.5 7.55 77.0 7.20 50.9 6.89
Fei 6173.34 2.22 -2.88 147.7 7.44 184.9 7.94 165.7 7.74 144.0 7.62 154.8 7.47 126.0 7.35
Fei 6188.00 3.94 -1.63 81.0 7.22 76.9 7.18 97.6 7.59 97.8 7.73 81.2 7.15 59.2 6.96
Fei 6200.32 2.61 -2.44 151.2 7.59 160.4 7.66 121.6 7.18 159.4 7.74 138.9 7.62 149.2 7.47
Fei 6226.74 3.88 -2.08 73.2 7.42 79.1 7.50 59.1 7.17 66.0 7.30 72.0 7.51 61.0 7.13 57.0 7.26
Fei 6232.65 3.65 -1.22 140.0 7.52 179.2 8.03 123.7 7.34 141.8 7.59 131.6 7.58 135.4 7.38
Fei 6240.65 2.22 -3.23 128.9 7.45 148.5 7.69 108.1 7.14 121.5 7.29 133.3 7.42 101.3 7.15
Fei 6246.33 3.60 -0.73 140.4 6.98 136.2 6.97
Fei 6265.14 2.18 -2.55 169.2 7.35 168.6 7.47 147.5 7.27
Fei 6270.23 2.86 -2.46 137.1 7.60 104.8 7.19 129.8 7.60 125.4 7.74 122.7 7.34 90.9 7.07
Fei 6297.80 2.22 -2.74 155.0 7.52 168.2 7.64 148.6 7.55 170.8 7.59 128.7 7.26
Fei 6301.51 3.65 -0.72 142.6 7.04 162.7 7.32 152.3 7.20 160.1 7.44
Fei 6311.50 2.83 -3.16 101.5 7.65 121.2 7.92 96.7 7.62 116.2 7.94 95.3 7.68 108.4 7.67 93.2 7.76
Fei 6315.81 4.08 -1.68 78.0 7.39 91.8 7.59 77.5 7.41 90.9 7.68 70.4 7.32 82.6 7.40 78.1 7.67
Fei 6322.69 2.59 -2.43 140.6 7.34 175.0 7.80 148.4 7.56 151.2 7.53 147.3 7.68 156.3 7.50 120.5 7.28
Fei 6330.85 4.73 -1.22 49.2 7.20 61.4 7.47 71.1 7.70 70.6 7.73 48.3 7.15
Fei 6380.75 4.19 -1.37 80.0 7.28 96.6 7.65 103.2 7.77 101.8 7.85 102.1 7.62 76.8 7.48
Fei 6392.54 2.28 -3.97 79.6 7.16 111.8 7.76 83.4 7.36 84.4 7.30 82.7 7.44 95.3 7.44 77.7 7.34
Fei 6411.66 3.65 -0.60 143.2 6.92 155.4 7.12 167.8 7.18
Fei 6481.88 2.28 -2.98 136.0 7.36 179.4 7.99 150.3 7.71 152.5 7.67 137.5 7.64 160.1 7.68 125.3 7.47
Fei 6498.94 0.96 -4.70 147.3 7.35 198.5 8.10 160.0 7.74 174.3 7.83 184.5 7.89 139.2 7.47
change required on the derived vt to vary the expected
line strength vs abundances slope by 1σ. This implies an
expected random error in the micro-turbulence velocities
of ±0.12 km s−1.
Finally,the model atmospheres were iteratively chosen
with model metal abundances in agreement with derived
Fe abundance. The adopted model atmosphere parameters
are listed in Table 5.
4.3. Fe Abundances
Individual [Fe/H] values are listed in Table 6, as well
as averages over the whole sample. Reference solar abun-
dances are as in Gratton et al. (2003). Throughout our
analysis, we use the same line parameters discussed in
Gratton et al. (2003); in particular, collisional damping
was considered using updated constants from Barklem et
al. (2000). We note that, for internal consistency, we used
four FeII lines for all member stars. In the case of star #
7004463 the lines yield considerably different FeII abun-
dances, therefore the derived r.m.s. is larger than in other
cases.
Table 7 lists the impact of various uncertainties on
the derived abundances for the elements considered in
our analysis. Variations in parameters of the model atmo-
spheres were obtained by changing each of the parameters
at a time for the star #7004487, assumed to be representa-
tive of all the stars considered in this paper. The first three
rows of the Table give the variation of the parameter used
to estimate sensitivities, the internal (star-to-star) errors
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Table 4. Continued
El. Wavel. E.P. log gf 3734 4360 5308 5341 4329 4453 3092
EW log A EW log A EW log A EW log A EW log A EW log A EW log A
(A˚) (eV) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Fei 6518.37 2.83 -2.46 108.5 7.06 140.6 7.54 112.7 7.33 127.0 7.30 93.5 7.04
Fei 6533.94 4.56 -1.29 59.2 7.24 92.1 7.84 84.9 7.82 78.5 7.73
Fei 6574.25 0.99 -5.00 125.2 7.23 165.7 7.89 122.7 7.35 136.4 7.46 121.8 7.46 147.8 7.58 109.9 7.20
Fei 6581.22 1.49 -4.68 123.0 7.52 129.4 7.87 125.5 7.67 116.3 7.74 139.9 7.83 111.0 7.66
Fei 6593.88 2.43 -2.42 144.2 7.11 160.5 7.47 155.8 7.33 158.4 7.58 175.3 7.50 133.0 7.20
Fei 6608.04 2.28 -3.96 82.0 7.18 131.2 8.08 94.6 7.56 97.3 7.53 96.1 7.69 92.2 7.35 83.6 7.45
Fei 6609.12 2.56 -2.69 130.9 7.34 174.5 7.95 134.6 7.50 149.3 7.68 141.6 7.75 164.7 7.80 108.0 7.21
Fei 6627.56 4.55 -1.50 40.2 7.03 55.4 7.38 55.7 7.42 59.5 7.52 82.7 7.85 35.4 7.04
Fei 6633.76 4.56 -0.82 83.2 7.30 119.5 7.88 100.0 7.65 88.8 7.43 109.4 7.92 107.6 7.66 77.3 7.48
Fei 6703.58 2.76 -3.01 87.7 7.02 129.3 7.75 101.6 7.42 102.1 7.34 100.8 7.49 119.4 7.57 83.6 7.20
Fei 6713.75 4.80 -1.41 42.5 7.33 45.9 7.41 30.8 7.13 38.1 7.28 56.2 7.57
Fei 6725.36 4.10 -2.21 70.1 7.72 50.0 7.37 40.4 7.20 60.7 7.64 64.0 7.58 34.4 7.08
Fei 6726.67 4.61 -1.10 57.2 7.07 82.4 7.52 69.7 7.34 77.2 7.55 75.7 7.37 37.8 6.78
Fei 6733.15 4.64 -1.44 32.4 6.91 79.3 7.85 54.1 7.40 61.2 7.59 54.6 7.46 80.2 7.86 53.6 7.60
Fei 6750.16 2.42 -2.62 136.3 7.11 167.2 7.53 160.8 7.61 157.2 7.49 150.9 7.59 169.0 7.56 123.2 7.18
Fei 6786.86 4.19 -1.90 41.9 6.97 85.2 7.80 61.8 7.42 49.3 7.19 61.9 7.47 78.4 7.66 48.7 7.28
Feii 5991.38 3.15 -3.56 31.0 7.31 46.0 7.67 37.0 7.42
Feii 6084.10 3.20 -3.80 30.2 7.75 35.0 7.70 35.2 7.67
Feii 6113.33 3.22 -4.13 27.1 7.78 23.8 7.70
Feii 6149.25 3.89 -2.73 49.1 7.86 21.1 7.22 27.1 7.21 29.2 7.27
Feii 6247.56 3.89 -2.33 52.5 7.64 54.3 7.60 54.3 7.87 43.2 7.33 41.5 7.24 27.6 7.27
Feii 6369.46 2.89 -4.21 25.5 7.47 28.0 7.64 32.1 7.62 28.7 7.55 27.1 7.48
Feii 6416.93 3.89 -2.70 33.4 7.49 29.1 7.50
Feii 6432.68 2.89 -3.58 35.3 7.15 65.4 7.93 56.4 7.64 30.6 7.18 38.9 7.22 45.0 7.34 24.1 7.07
Feii 6456.39 3.90 -2.10 39.5 7.10 75.6 7.97 58.3 7.50 47.6 7.48 44.7 7.16 55.6 7.40 21.8 6.82
Feii 6516.08 2.89 -3.38 53.5 7.45 63.9 7.62
Nii 5847.01 1.68 -3.44 102.3 6.39 132.0 6.92 104.1 6.55 113.0 6.67 90.3 6.39
Nii 5996.74 4.24 -1.06 38.9 6.10 67.6 6.72 39.1 6.12 42.6 6.27 54.0 6.51 47.8 6.28 45.0 6.44
Nii 6053.69 4.24 -1.07 37.5 6.08 84.3 7.06 28.8 5.88 64.7 6.76 55.7 6.56 48.9 6.31
Nii 6086.29 4.27 -0.47 52.5 5.87 98.2 6.78 65.2 6.16 88.0 6.70 77.5 6.50 73.0 6.24 55.2 6.18
Nii 6108.12 1.68 -2.49 139.7 6.13 178.3 6.70 134.8 6.17 154.1 6.41 136.9 6.34 162.0 6.43 124.7 6.17
Nii 6111.08 4.09 -0.83 65.4 6.28 95.4 6.82 66.2 6.30 65.1 6.31 73.1 6.52 71.1 6.32 49.1 6.11
Nii 6128.98 1.68 -3.39 107.8 6.41 132.7 6.80 89.7 6.10 108.0 6.42 107.6 6.63 110.8 6.37 81.0 6.02
Nii 6130.14 4.27 -0.98 32.7 5.92 77.0 6.86 34.3 5.97 46.6 6.31 47.0 6.31 52.4 6.33 37.8 6.20
Nii 6176.82 4.09 -0.26 91.9 6.29 110.0 6.53 87.8 6.22 93.6 6.34 93.2 6.41 91.9 6.17 51.1 5.60
Nii 6177.25 1.83 -3.60 80.0 6.19 102.3 6.63 78.9 6.28 104.3 6.76 77.8 6.35 77.1 6.12
Nii 6186.72 4.11 -0.90 43.0 5.87 89.7 6.81 59.4 6.25 78.0 6.69 70.6 6.55 57.7 6.14
Nii 6204.61 4.09 -1.15 61.4 6.51 99.9 7.23 58.7 6.46 37.4 6.04 64.5 6.64 65.7 6.53
Nii 6223.99 4.11 -0.97 49.9 6.09 75.0 6.60 52.2 6.16 67.6 6.53 58.8 6.36 47.0 6.00 28.0 5.68
Nii 6230.10 4.11 -1.20 47.1 6.26 83.9 7.00 53.6 6.42 69.0 6.79 52.6 6.45 52.3 6.34 31.7 6.02
Nii 6322.17 4.15 -1.21 34.8 6.03 75.6 6.88 33.8 6.03 25.5 5.89 48.3 6.40 30.9 5.95
Nii 6327.60 1.68 -3.09 117.8 6.28 121.4 6.47 132.8 6.57 124.1 6.65 142.5 6.64 101.0 6.20
Nii 6378.26 4.15 -0.82 51.5 6.02 107.7 7.11 77.0 6.60 57.6 6.22 66.7 6.43 65.8 6.27 54.1 6.32
Nii 6384.67 4.15 -1.00 38.6 5.91 85.5 6.86 66.5 6.54 56.7 6.38 58.4 6.42 70.4 6.54 39.5 6.10
Nii 6482.81 1.93 -2.85 110.0 6.08 149.3 6.72 128.4 6.47 129.1 6.45 106.9 6.27 132.4 6.41 103.4 6.14
Nii 6532.88 1.93 -3.42 81.0 6.12 117.8 6.81 93.5 6.50 106.5 6.71 93.1 6.60 94.2 6.36 66.4 5.98
Nii 6586.32 1.95 -2.79 108.3 6.12 158.6 6.96 122.7 6.42 114.9 6.48 133.3 6.50 92.3 6.05
Nii 6598.61 4.24 -0.93 31.1 5.78 81.8 6.83 59.7 6.43 48.6 6.26 50.5 6.28 67.1 6.52 52.1 6.50
Nii 6635.14 4.42 -0.75 32.6 5.88 80.0 6.86 51.6 6.32 34.2 6.00 51.5 6.36 46.5 6.17 29.1 5.92
Nii 6767.78 1.83 -2.11 145.3 5.92 182.6 6.41 157.4 6.22 152.4 6.07 146.0 6.17 168.9 6.20 124.4 5.86
Nii 6772.32 3.66 -1.01 68.9 5.89 103.1 6.51 79.4 6.15 78.0 6.14 84.5 6.32 87.3 6.19 63.9 6.04
Yi 6435.02 0.07 -0.82 61.7 1.30 126.3 2.54 50.1 1.41 75.7 1.57 56.4 1.62 84.0 1.82 64.2 1.27
Zri 6127.46 0.15 -1.06 85.2 2.00 118.9 2.64 78.8 2.18 89.6 2.07 72.4 2.16 86.7 2.10 79.6 2.02
Zri 6134.57 0.00 -1.28 87.0 2.03 96.2 2.21 73.7 2.07 78.0 1.84 60.3 1.91 78.0 1.94 85.7 2.16
Zri 6140.46 0.52 -1.41 26.7 1.75 25.1 1.79 39.0 2.40 42.7 2.26 38.2 1.75
Zri 6143.18 0.07 -1.10 74.7 1.69 116.3 2.51 73.0 1.98 98.7 2.17 72.7 2.09 87.9 2.04 98.8 2.40
Zri 6445.72 1.00 -0.83 14.0 1.50 26.9 2.07
Baii 5853.69 0.60 -1.00 128.3 2.28 121.3 1.94 124.3 2.35 122.9 2.16 132.4 2.69 147.2 2.47 102.3 2.10
Baii 6141.75 0.70 0.00 185.0 2.08 212.4 2.44 170.5 2.07 197.6 2.30 172.1 2.26 190.1 2.14 150.7 1.86
Baii 6496.91 0.60 -0.38 194.3 2.44 166.5 2.24 183.0 2.36 167.1 2.41 173.3 2.10 168.5 2.25
Euii 6437.64 1.32 -0.28 35.7 1.04 33.4 0.94 18.6 0.58 29.9 0.94 28.9 0.80 15.2 0.27
Euii 6645.11 1.38 0.20 28.9 0.30 50.6 0.92 46.0 0.81 39.6 0.69 34.3 0.64 44.5 0.72 31.1 0.40
(for member stars of NGC 6441), and the systematic errors
(common to all stars) in each parameter. The first column
gives the average number of lines n used for each element.
Columns 3-6 give the sensitivities of the abundance ra-
tios to variations of each parameter. Column 7 gives the
contribution to the error given by uncertainties in EWs
for individual lines: that is 0.194/
√
n, where 0.194 is the
error in the abundance derived from an individual line,
as obtained by the median error over all the stars (note
that the errors in the EWs have much smaller impact for
the stars having better spectra, like #7004487 itself). The
two final Columns give the total resulting internal and
systematic errors, obtained by summing quadratically the
contribution of the individual sources of errors, weighted
according to the errors appropriate for each parameter.
For the systematic errors, the contribution due to equiv-
alent widths and to micro-turbulence velocities (quanti-
ties derived from our own analysis), were divided by the
square root of the number of cluster members observed.
Note that this error analysis does not include the effects of
covariances in the various error sources, which are however
expected to be quite small for the program stars.
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Table 7. Sensitivity of derived abundances to different sources of error.
Element Average Teff log g [A/H] vt EWs Total Total
n. lines Internal Systematic
Variation 100 0.30 0.20 0.20
Internal 50 0.06 0.07 0.12 0.194
Systematic 100 0.15 0.08 0.12 0.194
[Fe/H]i 55.0 −0.012 +0.063 +0.028 −0.114 0.026 0.075 0.053
[Fe/H]ii 2.7 −0.210 +0.199 +0.046 −0.046 0.119 0.167 0.262
[O/Fe]i 1.8 +0.041 +0.057 +0.009 +0.101 0.145 0.161 0.155
[Na/Fe]i 2.0 +0.106 −0.069 −0.025 +0.039 0.137 0.152 0.177
[Mg/Fe]i 2.0 −0.024 −0.010 −0.013 +0.084 0.137 0.149 0.141
[Al/Fe]i 2.0 +0.087 −0.060 −0.028 +0.062 0.137 0.152 0.166
[Si/Fe]i 2.2 −0.102 +0.020 −0.004 +0.079 0.131 0.151 0.168
[Ca/Fe]i 11.4 +0.131 −0.102 −0.016 −0.006 0.057 0.093 0.152
[Sc/Fe]ii 2.8 −0.017 +0.065 +0.008 +0.027 0.115 0.120 0.121
[Ti/Fe]i 6.3 +0.167 −0.050 −0.014 −0.061 0.078 0.123 0.187
[Ti/Fe]ii 1.0 −0.048 +0.071 +0.009 +0.095 0.194 0.206 0.205
[V/Fe]i 12.8 +0.178 −0.041 −0.011 −0.077 0.054 0.117 0.188
[Cr/Fe]i 1.0 +0.150 −0.025 −0.015 −0.055 0.194 0.212 0.246
[Mn/Fe]i 3.0 +0.053 −0.063 +0.007 −0.026 0.112 0.120 0.128
[Ni/Fe]i 23.5 −0.028 +0.029 −0.001 +0.032 0.040 0.054 0.052
[Y/Fe]i 1.0 +0.231 −0.044 −0.018 +0.074 0.194 0.230 0.252
[Zr/Fe]i 4.8 +0.207 −0.025 −0.014 +0.043 0.091 0.141 0.213
[Ba/Fe]ii 3.0 +0.029 +0.029 +0.014 −0.111 0.112 0.134 0.120
[Eu/Fe]ii 1.8 −0.004 +0.058 +0.009 +0.093 0.145 0.156 0.091
Table 5. Atmospheric Parameters for stars observed with
UVES
Star Teff log g [A/H] vt
(K) (km s−1)
Stars of NGC 6441
7004050 3956 1.35 −0.40 0.90
7004434 3984 1.40 −0.40 1.75
7004463 4000 1.41 −0.40 1.70
7004487 4074 1.48 −0.40 1.55
8002961 3942 1.23 −0.40 1.40
Field stars
6003734 4061 1.53 −0.28 1.20
6004360 4163 1.68 0.26 1.55
6005308 4214 1.77 −0.17 1.20
6005341 4079 1.67 0.05 1.35
7004329 4257 1.73 0.11 1.15
7004453 4176 1.69 −0.05 1.45
8003092 3887 1.32 −0.32 0.80
Errors in Fe abundances from neutral lines are domi-
nated by uncertainties in the micro-turbulent velocity. We
note that internal errors in Fe I abundances are domi-
nated by errors in vt. We estimate total random errors
of 0.075 dex, and systematic errors of 0.053 dex. From
Table 6, the average Fe abundance from all stars of NGC
6441 is [Fe/H]=−0.39 ± 0.04 (error of the mean), with
an r.m.s. scatter of 0.09 dex from 5 stars. The first re-
sult of our analysis is that the metallicity of NGC 6441
is [Fe/H]=−0.39 ± 0.04 ± 0.05, where the first error bar
includes the uncertainties related to star-to-star random
Table 6. Iron abundances for stars observed with UVES
Star Fe I Fe II
n [Fe/H] r.m.s. n [Fe/H] r.m.s.
Stars of NGC 6441
7004050 52 −0.45 0.18 4 −0.49 0.18
7004434 52 −0.34 0.23 2 −0.05 0.12
7004463 57 −0.38 0.18 4 −0.56 0.46
7004487 51 −0.50 0.13 4 −0.68 0.11
8002961 59 −0.28 0.16 4 −0.34 0.16
< [Fe/H]I >= −0.39± 0.04, r.m.s.=0.09
< [Fe/H]II >= −0.42± 0.11, r.m.s.=0.24
Field stars
6003734 63 −0.25 0.20 6 −0.16 0.17
6004360 44 +0.27 0.24 7 +0.49 0.27
6005308 63 −0.17 0.21 8 +0.17 0.11
6005341 60 +0.06 0.23 6 +0.01 0.28
7004329 57 +0.12 0.16 7 −0.08 0.24
7004453 62 −0.04 0.20 7 −0.09 0.14
8003092 46 −0.25 0.23 3 −0.44 0.23
errors, and the second one the systematic effects related
to the various assumptions made in the analysis The offset
between abundances given by neutral and singly ionized
Fe lines is only 0.03dex, supporting our analysis. The star-
to-star scatter (0.09 dex) is slightly larger than expected
on the basis of our error analysis (0.075 dex); the scatter
for Fe II is larger, but in good agreement with expecta-
tions based on our error analysis. While this difference is
not significant, given the small number of stars, it is possi-
ble that stars #7004050 and #7004487 are indeed slightly
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more metal-poor (by about 0.15 dex) than the average of
the remaining three cluster members. It is also worth men-
tioning that star #7004050 is also slightly bluer than the
other member stars of NGC 6441, by about 0.08 mag in
the V − I color: this is roughly the color difference ex-
pected for the metallicity difference found in our analysis.
More data on a wider sample of stars of NGC 6441 are
clearly required to definitely set the issue about an intrin-
sic spread in metal abundances in this cluster.
To our knowledge, this is the first determination of
the metal abundance of NGC 6441 from high dispersion
spectra of individual stars. We found in the literature
only three previous metallicity determinations for NGC
6441. The first two are based on integrated light. Zinn &
West (1984) used the Q39 index to obtain a metallicity
of [Fe/H]=−0.59±0.15. A somewhat higher metallicity of
[Fe/H]=−0.47± 0.12 dex was obtained by Armandroff &
Zinn (1988) from spectroscopy of the Ca II IR triplet,
calibrated on the Zinn & West scale. Armandroff and
Zinn averaged these two values to produce the value of
[Fe/H]=−0.53± 0.11. That is listed by Harris (1996) and
usually adopted in the discussion of this cluster. Very re-
cently, Clementini et al. (2005) have measured metal abun-
dances for a few RR Lyrae in NGC 6441 using a vari-
ant of the ∆S method, obtaining [Fe/H]=−0.69 ± 0.06
on the Zinn & West scale, and [Fe/H]=−0.41 ± 0.06 on
the Carretta & Gratton (1997) scale, with a quite consid-
erable star-to-star scatter of more than 0.3 dex (r.m.s.).
The present metal abundance should be compared with
that on the Carretta & Gratton scale, which is based on
an analysis method quite consistent with that here consid-
ered. Indeed, this last comparison is quite good. Finally,
we note that if we add the point of NGC 6441 to the cor-
relation between abundances from high dispersion spectra
by our group (see Carretta et al. 2001) and those by Zinn
&West (1984), a linear relationship between the two scales
would be favored, rather than a cubic one as considered
by Carretta et al. (2001).
4.4. Abundances for other elements
Table 8 lists the abundances for the individual elements
for stars member of NGC 6441, while Table 9 is for field
stars. For each star and element, we give the number of
lines used in the analysis, the average abundance, and the
r.m.s. scatter of individual values. The Na abundances in-
clude corrections for departures from LTE, following the
treatment by Gratton et al. (1999). Abundances for the
odd elements of the Fe group (Sc, V, and Mn) were derived
with consideration for the not negligible hyperfine struc-
ture of these lines (see Gratton et al. 2003 for more de-
tails). Finally, we note that telluric absorption lines were
removed from the spectra in the region around the [OI]
lines. No attempt was made to remove the strong auro-
ral emission line; however, due to the combination of the
Earth and stellar motions at the epoch of observations, the
auroral emission line typically is about 0.7 A˚ blueward to
Fig. 2. Spectral region including the [OI] line at 6300.3 A˚ for
the member stars of NGC 6441. The spectra have been cor-
rected for the individual radial velocities and offset vertically
for clarity
Fig. 3. Spectral region including the [OI] line at 6363.8 A˚ for
the member stars of NGC 6441. The spectra have been cor-
rected for the individual radial velocities and offset vertically
for clarity
the stellar line, so that it does not create problems at the
resolution of the UVES spectra. The O abundances were
derived from equivalent widths: however, they were later
confirmed by spectral synthesis. We did not apply any cor-
rection for the blending with the Ni I line at 6300.339 A˚,
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Fig. 6. Run of abundance ratios versus metallicity [Fe/H] for the analyzed stars. Filled symbols are stars member of NGC 6441;
open symbols are field stars. Error bars are at bottom left of each panel. On the left, from top to bottom: [O/Fe], [Mg/Fe],
[Si/Fe], and [Ca/Fe]. On the right, from top to bottom: [Ti/Fe] (from neutral lines alone), [Na/Fe], [Al/Fe], and [Sc/Fe]
nor for formation of CO. The blending Ni I line is expected
to contribute about 4 mA˚ to the EW of the [OI] line, using
the line parameters by Allende Prieto et al. (2001); this
corresponds to correcting the O abundances about 0.05
dex downward. CO coupling should be strong at the low
effective temperature of the program stars. Unluckily, the
abundance of C is not determined. However, we expect
that C is strongly depleted in stars near the tip of the
red giant branch, with expected values of [C/Fe]∼ −0.6
(Gratton et al. 2000). If the original C abundance in un-
evolved stars follows the Fe one (as usually observed in
metal-rich environments: see e.g. Gratton et al. 2000),
then we expect typical values of [C/O] ∼ −0.8 for stars
in NGC 6441. Neglecting CO formation, we should have
underestimated the O abundances from forbidden lines by
∼ 0.05 dex. These two corrections should roughly compen-
sate, however, they both are within the error bars of the
present determinations.
The last two columns of Table 8 give the average abun-
dance for the cluster, as well as the r.m.s. scatter of indi-
vidual values around this mean value. In general, the val-
ues for the scatter agree fairly well with those estimated
in our error analysis. Large scatters are however deter-
mined for the light elements O, Na, Mg, and Al; the ele-
ments participating in the so-called Na-O anticorrelation.
Inspection of Table 8 reveals that while four stars share a
similar composition (high O and Mg abundances, low Na
and Al ones), one star (#7004463) has much lower O and
Mg abundances, and higher Na and Al ones. Figures 2, 3,
and 4 show the spectral region around the two [OI] lines
and the Na doublet at 6154-60 A˚ in the spectra of the
stars of NGC 6441. The weakness of the [OI] lines and
the strength of the Na doublet in the spectrum of star
#7004463 is quite obvious (note that the five stars have
all similar temperatures and reddenings). This star seems
a typical representative of the O-poor, Na-rich stars often
found among Globular cluster stars. Figure 5 shows the
O-Na and Mg-Al anticorrelations from our data set. The
curve plotted in the upper panel is from Fig. 5 in Carretta
et al. (2006) and indicates the typical behavior of [O/Fe]
with respect to [Na/Fe] as defined by a collection of stars
in about 20 Globular clusters. More extensive data about
the O-Na anticorrelation among stars in NGC 6441 will be
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Fig. 7. Run of abundance ratios versus metallicity [Fe/H] for the analyzed stars. Filled symbols are stars member of NGC 6441;
open symbols are field stars. Error bars are at bottom left of each panel. On the left, from top to bottom: [V/Fe], [Cr/Fe],
[Mn/Fe], and [Co/Fe]. On the right, from top to bottom: [Ni/Fe], [Zr/Fe], [Ba/Fe], and [Eu/Fe]
discussed separately, on the basis of the GIRAFFE spectra
taken simultaneously with the UVES ones.
4.5. Comparison between NGC 6441 and the field stars
The runs of the abundance ratios with respect to Fe are
plotted against metal abundances in Figures 6 and 7. In
these plots, filled symbols are for member stars of NGC
6441, while open symbols are for field stars. These figures
highlight that the field stars are a quite heterogeneous
group. Three stars (#6003734, 7005308, and 8003092)
are moderately metal-poor, with a metal abundance only
slightly larger than that of NGC 6441. They have a com-
position quite similar to that of the cluster, though the
last one has a smaller excess of Si. The two first stars
have rather large absolute values of the radial velocities:
this suggests that they are old, the excess of Oxygen and
α−elements being possibly due to a reduced contribution
by type-Ia SNe. Three other stars (#7005341, 7004329,
and 7004453) have almost solar abundances. They have
a low absolute value of the radial velocity. Finally, star
#7004360 has a peculiar, high metal content. Our analy-
sis yielded a significant excess of the α−elements Mg and
Si, but not of O, Ca, and Ti; also Na is overabundant,
but not Al. However, given the difficulties related to the
analysis of this spectrum, extremely line rich, we prefer
not to comment any more on this star.
Comparison between field (likely bulge) and cluster
stars may be interesting and meaningful, because most
of the analysis concerns are reduced. In particular, de-
ficiencies of model atmospheres or departures from LTE
are expected to act similarly in stars having similar atmo-
spheres. We may for instance compare the stars of NGC
6441 with the group of the field ”metal-poor” stars, that
have similar overall metal abundances (see Table 10). The
two sets of stars display a quite similar pattern of abun-
dances, both characterized by an excess of α−elements;
also the apparent deficiency of Ca, Y, and Zr is similar.
On this respect we notice that the three field stars (likely
bulge) display similar Ca abundances ([Ca/Fe]∼ −0.2),
and similar abundances for Y ([Y/Fe]∼ −0.5) and Zr
([Zr/Fe]∼ −0.8), suggesting that the low Ca, Y and Zr
abundances are artifacts of the analysis, rather than real
features of these stars. We notice that the present analy-
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Table 8. Abundances for NGC 6441 members
Element 7004050 7004434 7004463 7004487 8002961 Cluster r.m.s.
N mean r.m.s. N mean r.m.s. N mean r.m.s. N mean r.m.s. N mean r.m.s. Average
[Fe/H] 53 −0.46 0.19 54 −0.38 0.23 59 −0.45 0.18 53 −0.50 0.13 59 −0.36 0.15 −0.43 0.06
[O/Fe]i 2 +0.10 0.08 2 +0.32 0.11 1 −0.15 2 +0.30 0.14 2 +0.03 0.04 +0.12 0.20
[Na/Fe]i 2 +0.58 0.08 2 +0.38 0.10 2 +0.79 0.10 2 +0.53 0.00 2 +0.49 0.08 +0.55 0.15
[Mg/Fe]i 2 +0.31 0.01 2 +0.34 0.06 2 +0.20 0.02 2 +0.41 0.09 2 +0.44 0.08 +0.34 0.09
[Al/Fe]i 2 +0.27 0.08 2 +0.23 0.15 2 +0.56 0.23 2 +0.19 0.16 2 +0.25 0.21 +0.30 0.15
[Si/Fe]i 1 +0.27 2 +0.17 0.09 2 +0.45 0.17 3 +0.33 0.06 2 +0.41 0.16 +0.33 0.11
[Ca/Fe]i 12 0.00 0.19 11 −0.01 0.20 10 +0.07 0.15 12 +0.06 0.22 12 +0.01 0.16 +0.03 0.04
[Sc/Fe]ii 3 +0.30 0.24 3 +0.09 0.12 3 +0.29 0.20 3 +0.13 0.07 3 −0.05 0.09 +0.15 0.15
[Ti/Fe]i 5 +0.39 0.09 6 +0.21 0.21 6 +0.41 0.18 6 +0.27 0.11 7 +0.19 0.15 +0.29 0.10
[Ti/Fe]ii 1 +0.50 1 +0.34 1 +0.18 1 +0.18 1 +0.43 +0.33 0.14
[V/Fe]i 9 +0.35 0.17 15 +0.18 0.18 14 +0.40 0.17 12 +0.42 0.15 11 +0.11 0.14 +0.29 0.14
[Cr/Fe]i 1 +0.39 1 +0.27 1 +0.12 1 +0.03 1 −0.06 +0.15 0.18
[Mn/Fe]i 3 +0.09 0.19 3 −0.07 0.13 3 +0.15 0.20 3 +0.05 0.18 3 +0.14 0.12 +0.07 0.09
[Ni/Fe]i 21 +0.18 0.16 23 +0.18 0.17 23 +0.03 0.20 25 +0.09 0.20 24 +0.16 0.14 +0.13 0.07
[Y/Fe]i 1 −0.34 1 +0.01 1 +0.31 1 −0.11 1 −0.10 −0.05 0.24
[Zr/Fe]i 4 −0.28 0.28 5 −0.35 0.20 5 −0.33 0.18 5 −0.29 0.22 5 −0.74 0.11 −0.40 0.19
[Ba/Fe]ii 3 +0.39 0.21 3 +0.14 0.15 3 +0.19 0.18 3 +0.07 0.08 3 +0.06 0.18 +0.17 0.13
[Eu/Fe]ii 1 +0.49 2 +0.48 0.03 2 +0.37 0.07 2 +0.34 0.19 2 +0.22 0.04 +0.32 0.11
Fig. 4. Spectral region including the Na I doublet at 6154-
60 A˚ for the member stars of NGC 6441. The spectra have
been corrected for the individual radial velocities and offset
vertically for clarity
sis makes the same assumptions of Gratton et al. (2003),
where we did not find a similar low Ca abundance in (lo-
cal) metal-rich dwarfs. It seems more likely that the prob-
lem is limited to the analysis of bright giants. All Ca lines
used here are strong, with EWs ≥ 100 mA˚. They form
at tiny optical depths, and are potentially sensitive to de-
tails of the model atmospheres as well as to departures
from LTE. However, the differential comparison with the
non metal rich bulge stars suggests that NGC 6441 and
the field metal-poor stars considered in this analysis have
a small but clear excess of Ca, and roughly normal abun-
dances of Y and Zr.
Fig. 5. Upper Panel: [Na/Fe] ratio as a function of [O/Fe],
for stars member of NGC 6441, the curve indicates the mean
[O/Fe] vs [Na/Fe] locus for a collection of∼20 Globular clusters
(Carretta et al. 2006). Lower panel: [Al/Fe] ratio as a function
of [Mg/Fe], for the same stars.
The main difference between the stars of NGC 6441
and the field moderately metal-poor stars, concerns the
elements involved in the p-capture process of O, Na, Mg,
and Al. Even leaving aside the obvious case of the O-
poor, Na-rich star #7004463, the stars of NGC 6441 are
systematically more O and Mg poor, and Na and Al rich
than the similar field stars. This suggests that even the
more normal star might have been somewhat polluted by
material processed through H-burning at high tempera-
ture. This is well confirmed by a comparison of the [O/Na]
abundance ratios in NGC 6441 with those typical of other
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Table 9. Abundances for field stars
Element 6003734 7004360 7005308 7005341
N mean r.m.s. N mean r.m.s. N mean r.m.s. N mean r.m.s.
[Fe/H] 62 −0.33 0.18 44 +0.16 0.17 64 −0.22 0.21 62 −0.03 0.23
[O/Fe]i 2 +0.36 0.01 2 −0.04 0.15 2 +0.22 0.15 1 +0.10
[Na/Fe]i 2 +0.24 0.13 2 +0.74 0.19 2 +0.26 0.28 2 +0.44 0.10
[Mg/Fe]i 2 +0.39 0.13 2 +0.63 0.17 2 +0.14 0.34 2 +0.33 0.12
[Al/Fe]i 2 −0.15 0.12 2 +0.13 0.17 2 +0.43 0.01 2 −0.13 0.21
[Si/Fe]i 2 +0.35 0.16 3 +0.61 0.20 2 −0.07 0.29 2 −0.08 0.20
[Ca/Fe]i 13 −0.06 0.19 13 −0.05 0.17 11 +0.13 0.17 11 −0.04 0.23
[Sc/Fe]ii 2 +0.01 0.12 3 −0.05 0.32 2 +0.28 0.19 3 +0.07 0.46
[Ti/Fe]i 7 +0.24 0.20 6 +0.09 0.14 7 +0.34 0.17 6 +0.28 0.06
[Ti/Fe]ii 1 −0.08 1 +0.39 1 −0.02 1 +0.04
[V/Fe]i 10 +0.20 0.16 11 +0.34 0.16 15 +0.36 0.17 15 +0.43 0.22
[Cr/Fe]i 1 −0.29 1 +0.14 1 +0.03 1 −0.05
[Mn/Fe]i 3 +0.08 0.13 3 +0.27 0.11 3 −0.03 0.07 3 +0.17 0.11
[Co/Fe]i 1 +0.05 1 +0.01 1 0.00
[Ni/Fe]i 25 +0.07 0.19 24 +0.27 0.19 24 +0.14 0.19 25 +0.05 0.25
[Y/Fe]i 1 −0.23 1 +0.42 1 −0.23 1 −0.31
[Zr/Fe]i 5 −0.46 0.20 4 −0.42 0.24 3 −0.29 0.09 4 −0.61 0.17
[Ba/Fe]ii 2 +0.25 0.13 3 −0.17 0.30 3 +0.17 0.13 3 +0.03 0.13
[Eu/Fe]ii 1 +0.04 2 +0.22 0.10 2 +0.49 0.09 2 +0.07 0.07
Element 7004329 7004453 8003092
N mean r.m.s. N mean r.m.s. N mean r.m.s.
[Fe/H] 58 +0.06 0.16 64 −0.10 0.20 48 −0.38 0.23
[O/Fe]i 2 +0.15 0.10 2 +0.39 0.07
[Na/Fe]i 2 +0.37 0.00 2 +0.30 0.15 2 +0.57 0.23
[Mg/Fe]i 2 +0.32 0.05 2 +0.11 0.02 2 +0.52 0.05
[Al/Fe]i 2 −0.23 0.25 2 −0.01 0.20 2 +0.06 0.17
[Si/Fe]i 2 +0.19 0.06 2 +0.06 0.10 2 +0.15 0.17
[Ca/Fe]i 11 −0.03 0.15 11 −0.01 0.17 10 −0.14 0.23
[Sc/Fe]ii 3 −0.30 0.23 3 +0.01 0.20 3 −0.19 0.24
[Ti/Fe]i 6 −0.13 0.18 7 −0.18 0.13 5 −0.08 0.28
[Ti/Fe]ii 1 −0.02 1 +0.33 1 +0.14
[V/Fe]i 14 +0.19 0.17 14 +0.33 0.20 12 +0.26 0.20
[Cr/Fe]i 1 −0.07 1 +0.39
[Mn/Fe]i 3 +0.26 0.15 3 +0.12 0.16 3 −0.16 0.14
[Co/Fe]i 1 +0.19 1 +0.15
[Ni/Fe]i 24 +0.02 0.12 24 +0.04 0.17 20 +0.06 0.23
[Y/Fe]i 1 −0.31 1 +0.03 1 −0.31
[Zr/Fe]i 4 −0.50 0.20 4 −0.41 0.14 4 −0.24 0.22
[Ba/Fe]ii 3 +0.13 0.22 3 +0.06 0.18 3 +0.14 0.21
[Eu/Fe]ii 2 +0.14 0.22 2 +0.27 0.06 2 +0.10 0.07
Globular cluster stars (see Fig. 5 in Carretta et al. 2006).
The other analyzed elements appear much more similar
between NGC 6441 and the moderately metal-poor field
stars, although the abundance ratios to Fe are generally
higher in the stars of NGC 6441 by about 0.05-0.1 dex,
which might be explained collectively by assuming some
difference in Fe. This might suggest the existence of some
subtle difference in the nucleosynthesis, although this re-
sult is at the limit of the observational and analysis un-
certainty, and we do not give much weight to it.
Among the n-capture elements, stars in NGC 6441
have [Ba/Fe] abundance ratios similar to that of field stars;
the [Eu/Fe] abundance ratios are on average larger than
the putative metal rich bulge stars (by about 0.2 dex).
The larger [Eu/Ba] ratios may be again explained as due
to larger contributions by core collapse SNe.
4.6. Comparison with other bulge objects
Comparisons with abundances from the literature must be
considered with more caution, due to possible systematic
differences in the analysis. In Table 10 we give average
abundances for two other bulge clusters analyzed with a
similar method (NGC 6528: Carretta et al. 2001; NGC
6553: Cohen et al. 1999), Baade’s Window (McWilliam
& Rich 1994), and for the cluster Terzan 7, likely be-
longing to the Sagittarius Dwarf Galaxy (Sbordone et al.
2005). The pattern of abundances seen in the various bulge
clusters is quite similar. The main differences concern: (i)
18 Gratton R.G. et al.: Metallicity of NGC 6441
Table 10. Mean Abundances in Clusters and Group of Stars
Element NGC 6441 Metal-poor Metal-Rich NGC 6528 NGC 6553 Baade Terzan 7
(1) (1) (1) (2) (3) Window (4) (5)
mean r.m.s. mean r.m.s. mean r.m.s. mean r.m.s. mean r.m.s. mean r.m.s. mean r.m.s.
[Fe/H] −0.43 0.08 −0.31 0.08 −0.02 0.08 +0.07 0.02 −0.16 0.08 −0.33 −0.59 0.07
[O/Fe]i +0.14 0.20 +0.32 0.09 +0.13 0.04 +0.07 0.11 +0.50 0.13 +0.03 0.18
[Na/Fe]i +0.46 0.18 +0.22 0.17 +0.27 0.07 +0.40 0.12 +0.21 0.37
[Mg/Fe]i +0.34 0.09 +0.35 0.19 +0.25 0.12 +0.14 0.09 +0.41 0.10 +0.35 0.14 −0.11 0.07
[Al/Fe]i +0.30 0.15 +0.11 0.29 −0.12 0.12
[Si/Fe]i +0.33 0.11 +0.14 0.21 +0.06 0.14 +0.36 0.07 +0.14 0.18 +0.18 0.24 +0.07 0.09
[Ca/Fe]i +0.03 0.04 +0.02 0.14 −0.01 0.04 +0.23 0.06 +0.26 0.09 +0.14 0.17 0.00 0.14
[Sc/Fe]ii +0.15 0.15 +0.03 0.24 −0.07 0.20 −0.05 0.10 −0.12 0.18 +0.29 0.20
[Ti/Fe]i +0.29 0.10 +0.17 0.22 +0.20 0.08 +0.03 0.07 +0.19 0.06 +0.34 0.10 −0.05 0.07
[Ti/Fe]ii +0.33 0.14 +0.01 0.11 +0.12 0.19
[V/Fe]i +0.29 0.14 +0.27 0.08 +0.32 0.12 −0.20 0.09 +0.06 0.19
[Cr/Fe]i +0.15 0.18 +0.04 0.34 −0.06 0.01 0.00 0.04 +0.04 0.09 −0.04 0.19
[Mn/Fe]i +0.07 0.09 −0.04 0.12 +0.18 0.07 −0.37 0.07
[Co/Fe]i +0.14 0.07 +0.07 0.07 +0.10 0.13
[Ni/Fe]i +0.13 0.07 +0.09 0.04 +0.04 0.02 +0.10 0.05 +0.01 0.07 −0.04 0.08 −0.19 0.05
[Y/Fe]i −0.05 0.24 −0.26 0.05 −0.20 0.20
[Zr/Fe]i −0.40 0.19 −0.33 0.12 −0.51 0.10
[Ba/Fe]ii +0.17 0.13 +0.19 0.06 +0.07 0.05 +0.14 0.07 +0.20 0.28
[Eu/Fe]ii +0.38 0.11 +0.21 0.24 +0.16 0.10
(1) This paper
(2) Carretta et al. (2001)
(3) Cohen et al. (1999)
(4) McWilliam & Rich (1994)
(5) Sbordone et al. (2005)
the light elements involved in the p-capture processes (O,
Na, and Mg). However, they may result from small num-
ber statistics, given the large star-to-star spread observed
within each cluster. (ii) Ca, for which we think our abun-
dance is not representative of the cluster real abundance
(the stars discussed here are much cooler than those an-
alyzed in NGC 6528 and NGC 6553). (iii) Mn, for which
we derive a nearly solar ratio to Fe in NGC 6441, while
Carretta et al. derived a low abundance in NGC 6528.
This difference in Mn abundance might indicate a different
chemical history. Mn is known to be under-abundant in
quite metal-rich stars of the Sagittarius dwarf spheroidal
(McWilliam et al. 2003); however the composition of NGC
6528 (and NGC 6441) is also clearly different from that of
Terzan 7 and other stars in the Sagittarius Dwarf Galaxy,
since in these last cases the α−elements are not at all
overabundant. All these facts suggest that various bulge
clusters had different chemical histories, possibly being
originated in different fragments of our Galaxy.
5. Conclusion
This paper presents the first high resolution spectroscopic
analysis of individual NGC 6441 stars. A total of thirteen
RGB stars were observed using FLAMES/UVES, only five
of them, on the basis of their measured radial velocities,
positions and chemical compositions are very likely mem-
bers of NGC 6441. The iron abundance measured for the
cluster stars is [Fe/H]=−0.39± 0.04± 0.05dex, somewhat
higher than those reported in the literature (see e.g. Zinn
& West 1984 and Armandroff & Zinn, 1988) which are
however based on lower resolution data. In a more recent
paper, Clementini et al. (2005) measured the metal abun-
dance of NGC 6441 RR Lyrae stars finding an average
metallicity of [Fe/H]=−0.41± 0.06dex which is perfectly
consistent with our results.
Some of the results obtained seem to hint that NGC
6441 was characterized by slightly different nucleosyn-
thetic processes. In fact, in the cluster stars O and Mg
are systematically lower and Na and Al higher than in the
field stars, and the [O/Na] ratios measured in NGC 6441
are different from those typical of other clusters.
We find a very small metallicity spread among the stars
in our sample which belong to the cluster, only marginally
larger than the level expected on the basis of the obser-
vational error, suggesting an homogeneous composition.
However, our sample is far too small to be representa-
tive of the cluster distribution and, on the other hand,
Clementini et al. (2005), find a scatter as high as 0.3 dex.
The derived homogeneity could be just due to limited sam-
pling and thus no definite conclusion can be drawn on the
basis of the present data. The GIRAFFE/FLAMES data
presented by Gratton et al. (2006 in preparation) as well
as the near-IR NIRSPEC ones in Origlia et al. (2006 in
preparation) will hopefully address this issue.
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